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A COMPREHENSIVE SYSTEM OF AUTOMATIC COMPUTATION 
IN MAGNETIC AND GRAVITY INTERPRETATION* 


ROLAND G. HENDERSON? 


ABSTRACT 


In the interpretation of magnetic and gravity anomalies, downward continuation of fields and 
calculation of first and second vertical derivatives of fields have been recognized as effective means 
for bringing into focus the latent diagnostic features of the data. A comprehensive system has been 
devised for the calculation of any or all of these derived fields on modern electronic digital computing 
equipment. The integral for analytic continuation above the plane is used with a Lagrange extrapola- 
tion polynomial to derive a general determinantal expression from which the field at depth and the 
various derivatives on the surface and at depth can be obtained. It is shown that the general formula 
includes as special cases some of the formulas appearing in the literature. The process involves a 
“once for all depths” summing of grid values on a system of concentric circles about each point fol- 
lowed by application of the appropriate one or more of the 19 sets of coefficients derived for the pur- 
pose. Theoretical and observed multilevel data are used to illustrate the processes and to discuss the 
errors. The coefficients can be used for less extensive computations on a desk calculator. 


INTRODUCTION 


An investigation was undertaken for the purpose of using the U. S. Geological 
Survey’s stored program electronic digital computer in magnetic and gravity 
interpretations. The fundamental problem was considered to be the downward 
continuation of potential fields. This is related to the problem of upward con- 
tinuation and both have strong ‘“‘overtones’”’ in derivative calculations. The 
limitations and inadequacies of the various proposed methods of calculation, 
much discussed in the literature [e.g. Nettleton (1954), Trejo (1954), Dean 
(1958) ], were confirmed by tests on an abundance of well-controlled theoretical 
and practical field data accumulated by the Survey. It was advisable, therefore, 
to reexamine this area of calculation with a view to improving formulas and 
techniques. In the course of the study, a rather comprehensive formula was de- 
rived from which most of the important quantities currently in use can be ob- 
tained. Moreover, the formula has been used to obtain mutually consistent sets 
of coefficients which, when incorporated into computer programs, yield values of 
high accuracy in a minimum of machine time. 

* Paper read at the 28th Annual Meeting of the Society at San Antonio October 15, 1958. Manu- 
script received by the Editor January 12, 1960. Publication authorized by the Director, U. S. 
Geological Survey. 

+ U.S. Geological Survey, Washington, D. C. 
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Programs of the various computations discussed in this paper have been 
written for Burroughs computers and are available from the Computation 
Branch of the U. S. Geological Survey, Washington, D. C. 

Except for the various sets of coefficients, which by their nature are non- 
unique, nothing essentially new is claimed in this report. The theory and relative 
merits of the derived fields in question have been adequately treated in the work 
of Evjen (1936), Tsuboi and Fuchida (1938), Hughes (1942), Bullard and Cooper 
(1948), Peters (1949), Henderson and Zietz (1949a and b), Elkins (1951), 
Baranov (1953), and others. Since they all stem from potential theory, there is 
little difference in principle among the various methods. There is, however, con- 
siderable difference in the results depending upon how the details of the numeri- 
cal analysis have been carried out. Baranov (1953) has given more attention to 
this aspect than most writers. 

BASIC FORMULA 

In this paper practical results have been emphasized somewhat at the expense 
of mathematical elegance. Our approach is quite unsophisticated. Let A®(x, y, 0) 
be any observed component of a magnetic or gravity anomaly field represented 
on a map by iso-intensity contour lines. Conventionally, we lay down a square 
grid of mesh interval, say a, and interpolate the values of A®(x, y, 0) at each mesh 
point. The origin of the right-handed system of co-ordinates is taken at the point 
where a field is to be computed, with the z-axis positive vertically downward 
[see Figure 1]. A®(x, y, z) satisfies V?{A®(x, y, z)]=0 and accordingly may be 
treated by the methods of potential theory as far as the nearest singular point. 














Zz 


Fic. 1. Representation of field A® (x, y, 0) on the plane of observations; grid 
and co-ordinate system. 
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Briefly stated, the problem is to compute A®(x, y, z) below the plane of observa- 
tions (z=0) and 0(A®) /dz and 0?(A®) /dz? on and below that plane from the inter- 
polated A®(x, y, 0) values as input on modern electronic digital computing equip- 
ment. 

The familiar integral solving the Dirichlet problem for a plane (the so-called 
upward continuation integral) is used to compute A®(z) at » points an interval 
a apart along the vertical line x= y=0 above the plane. The integral in polar 


co-ordinates is, 


© maA®(r)rdr 
A®(— ma) =f arene 5 
o (r? + m’a’)?/? 


= 1,2,+--.#, 


and where 


2 


1 2r 
A®P(r) = -f A®P(r, 4)d8, (2) 
0 


the average value of A® on circles of radius r about the point. Experimentally we 
found that radii r=0, a, av/2, av/5, av/8, av/ 13, a5, ay 50, av/ 136, av/ 274, 
and a25 adequately sample the field. The number of mesh points falling on the 
circles having these radii is respectively 1, 4, 4, 8, 4, 8, 12, 12, 8, 8, 12. Next, a 
Lagrange interpolation polynomial is fitted to A®(0) and the m values Ab(— ma) 
computed from (1) to obtain the approximation formula, 

m. (—1)™2(2 + a)(2 + 2a) -- + (2 + na) 


A®(z) = >» - A&(—ma). (3) 
aad a"(z + ma)(n — m)!m! 


i 
This formula is certainly valid above the plane. Proceeding in a heuristic manner 


we investigate the possibilities of using (3) as an extrapolation formula for com- 
puting A®(z) below the plane. The values of the parameters » and a are unspeci- 
fied. By applying the formula to a variety of theoretical and experimental data 
for which A&(— ma) and A®(z) were known we determined useful practical values 
for m and a. Satisfactory results were obtained with n=5, but for n>5 the poly- 
nomial coefficients become inordinately large in relation to the data they operate 
upon. The mesh interval, a, depends upon the data, i.e., the spacing of observed 
points, lateral extent of anomalies, “‘sharpness” of anomalies, etc. If @ is too 
small, oscillations laterally are likely to develop; if @ is too large, the coverage 
will be inadequate. A mesh interval equal to about one fourth the depth to the 
top of the disturbing body as determined by common depth rules [see Vacquier, 
et al (1951), Nettleton (1940) | is usually satisfactory. 


UPWARD CONTINUATION COEFFICIENTS 


The accuracy of formula (3) obviously depends upon the accuracy of Ad( — ma) 
as computed from the upward continuation integral (1). A careful numerical 
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evaluation employing a mean value theorem over each interval r;SrSrj41 was 
carried out. The integral (1) is replaced by the sum 


V-1 ri+l 
A®(—ma) =~ : [(r 11 — 1;) if A®(r)dr|ma 


-} [42 + (ma)?|-!/2 — [rica + (ma)?}-/?7} + 0( *), (4) 

TN 
The last term in (4) involves the unavoidable truncation error which for ry 
sufficiently large is only of academic interest and involves an error which some 
authors arbitrarily force into the last coefficient to make the set sum to unity. 
The details of the evaluation of (4) will not be given here. Suffice it to say that the 
success of the process depends upon the manner in which the quantity in the first 


ri+l 
(Ffo5 gs f A®P(r)dr, 
Tr 


1 


bracket of (4), viz., 


is evaluated. The criterion used for its proper evaluation was that the resulting 
A&(— ma) when used in (3) should yield a A®(z) having the correct functional 
behavior with changes in depth. For example, off the axis, the gravity anomaly 
of a sphere increases with depth, reaching a maximum at Zmax=Ze— [(x?+y?)/2]"/2, 
where 2, is the depth to the center of the sphere. For depths greater than Zmax 
the anomaly decreases monotonically. For the point whose co-ordinates are (10, 5) 
in Table I, this character of A®(z) along a vertical line is clearly shown in the 
lower half of the left column, for a sphere whose center is at (0, 0, 10). By express- 
ing A®(r) in terms of polynomials of the second degree we allow for its non-linear 
variation over most intervals r;SrSr,;4; and achieve the desired behavior of 
TABLE I 
CompuTED UpwaARD AND DOWNWARD VALUES COMPARED WITH EXACT 


VALUES. GRAVITY ANOMALY OF SPHERE, CENTER AT (0, 0, 10) 


Coords, (0, 0 Coords, (5, 0 Coords, (10, 5) 


Exact Computed Exact Computed Exact Computed 
values values values values values values 


56 55.8. 47. 47.56 28 .64 29.26 
.78 3.8 53.2 53.30 30.43 30.94 
.96 a 60. 60.10 32.24 32.63 
81 86.65 .27 68.19 34.00 34.27 
31 : ats 77.86 35.64 35.78 

89 89. 37.04 37.04 


Re Nw Pe Ur 
OO SID 
MAD Www ui 


Nm 


103. 38.05 37.88 
119.7 38.49 38.10 
139.1: 38.12 37.44 
161.92 36.71 35:37 
188. 34.02 32.09 


Wik he 
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TABLE II 


UPWARD CONTINUATION COEFFICIENTS 
A®(r;) K(r;, 1) K(r;, 2) K(r;, 3) K(r;, 4 K(r;, 5) 


A® (0) 0.11193 0.04034 0.01961 01141 0.00742 
A® (1) 0.32193 | 0.12988 0.06592 .03908 0.02566 
Ab (4/2) ).06062 0.07588 0.05260 03566 0.02509 
A® ¥/5) 0.15206 | 0.14559 | 0.10563 07450 0.05377 
At (4/8) 0.05335 0.07651 | 0.07146 .05841 0.04611 
A@ (4/13) 0.06586 0.09902 | 0.10226 09173 0.07784 
A® (4/25) 0.06650 0.11100 | 0.12921 12915 0.11986 
Ad (4/50) 0.05635 0.10351 0.13635 15474 0.16159 
A& (./136) 0.03855 0.07379 | 0.10322 12565 0.14106 
A® (4/274) 0.02273 0.04464 0.06500 08323 0.09897 
A® (4/625 0.03015 0.05998 0.08917 0.11744 0.14458 


© sSeiees o 


A(z) with depth as shown in the right column of Table I for the point (10, 5). 
By putting a=unity and successively evaluating (4) for m=1, 2,---, 5, we 
obtain the five sets of coefficients adopted for upward continuation given in 


Table II. Symbolically, we write the working formula, 


10 

A&(—m) =~ Zz A®(r;)K(r;, m), (5) 
t=0 

where K(r,, m) is the set of coefficients which operate on the center value and 
the ten ring-average values A@(r,) in the computation of A® at m grid units above 
the plane. In the upper half of Table I, values for a sphere computed from (5) are 
compared with theoretical values for the points whose co-ordinates are indicated. 
With Ad(—ma) thus determined and, a, properly chosen, formula (3) be- 
comes a comprehensive formula in the sense that most derived fields of interest 
can be obtained from it; moreover, it includes as special cases certain formulas 


appearing in the literature. 
DOWNWARD CONTINUATION COEFFICIENTS 


If in formula (3) we put z=a we get the essential formula of D. S. Hughes 
(1942) for the mth approximation of an anomaly at one mesh interval below the 
plane. Successively putting z= 2a, 3a, 4a, 5a, we obtain formulas for computing 
downwards to these levels—all using the same ten ring-averages A®(r;). After 
some algebraic manipulation involving substitution of (5) in (3), we have the 
working downward continuation formula which we write as 


10 


A®(k) = D> AG(r,;) D(r;, ), (6) 


i=0 
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TaBLE III 


DOWNWARD CONTINUATION COEFFICIENTS 


D(r;, 1) D(r;, 2) D(r;, 3) D(r;, 4) D(r;, 5) 


4.8948 | 16.1087 41.7731 | 92.5362 183 .2600 

—3.0113 |—13.2209 |—38.2716 |—89.7403 |—183.9380 

} 0.0081 0.4027 .7883 5.1388 11.8804 

—0.5604 .9459 .7820 |- .9452 |— 18.6049 

—0.0376 .0644 .5367 .7478 4.2324 
—0.0689 .0596 .1798 .8908 
—0.0605 .0522 .1342 .6656 

—0.0534 .0828 .0560 .0718 0.3606 

136) —0.0380 .0703 .0900 .0890 0.0571 

274) —0.0227 0443 .0639 .0802 0.0921 

625) —0.0302 .0600 | .0891 .1173 0.1444 


10 
A(k) ~>_ A®(r;) D(r;, R) 


i=0 


where D(r;, k) is the set of coefficients for computing A®, k mesh intervals below 
the plane. The five sets of coefficients are given in Table III. 

The calculation is carried out in two steps. First, one goes over the “‘gridded”’ 
anomaly getting the average values on the ten circles about each grid point. 
Next, the center point value and its associated ring-average values are each in 
turn multiplied by the appropriate coefficient of the set D(r;, k) and the products 
are summed. A peculiar advantage of this system is that once the ten ring-aver- 
ages have been obtained, they may be used repeatedly for field computations at 
different depths or for the derivative computations to be discussed below. 

The coefficients in Table III, when tested on a variety of theoretical and 
practical multilevel data, consistently give highly satisfactory results. Some idea 
of the accuracy to be expected can be gleaned from Figure 2 where the coefficients 
have been used to compute a central profile of the composite gravity anomaly 
of two spheres; depth of centers, ten units; separation of centers, ten units. True 
values are indicated by solid lines; computed values by dots. This figure also 
demonstrates the well-known resolving power of downward continuation. Note 
that at z=0, it is not at all apparent that there are two bodies. 

Figure 3 shows the true and continued vertical magnetic profiles over a 
vertically magnetized square plate 0.5X10X10 units buried 5 units below the 
datum plane. In addition to demonstrating the accuracy of the continuation 
process, this illustration has interesting implications with respect to the depth 
method of Vacquier, et al (1951). This method assumes that anomalies originate 
from prisms whose depth extent is, mathematically at any rate, infinitely large. 
Some attempt was made by Vacquier et al to show that satisfactory results 
were obtained as long as the depth extent-to-depth ratio was not less than 
unity. If we apply this method to the anomaly of Figure 3 at z=0, we fail to 
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Fic. 3. Downward continuation of vertical intensity anomaly of vertically 
magnetized square plate. 
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get a good estimate of depth because the depth extent-to-depth of burial ratio 
is too small. If on the other hand, the anomaly is first continued to a depth of 
z=3 (so that the depth of burial becomes 2 units) and then the depth method 
applied, a good estimate of depth (total 4.5 units) is obtained despite the fact 
that the depth extent-to-depth ratio is still somewhat less than unity. The im- 
plication is that downward continuation can bring within the purview of exist- 
ing methods anomalies that otherwise might be incorrectly analyzed for depth. 


DERIVATIVE FORMULAS 


The comprehensive character of the general expression (3) is further demon- 
strated by the fact that derivative formulas can be obtained from it by differen- 
tiation. In its present form the differentiation is somewhat complicated. It can be 
more readily carried out when (3) is written in the following equivalent determi- 


nantal form, 
0 1 = a (z a)? ---+ ( 


A®P(0) 1 0 
A®P(—a) 1 1 
1} Ad(—2a) 1 2 


A®(—na) 1 n nr <4 n” 


where | V| is the Vandermonde determinant obtained by deleting the first two 
rows and columns of (3a) [see, e.g., Householder (1953) |. 
Putting m=5 in (3a) and differentiating once with respect to 2 we have a 
first vertical derivative formula 
0 0 —1 2(z/a) —3(z/a)? 4(2/a)* —5(z/a)* 
A®P(0) 1 0 0 
A®(—a) 1 1 1 


0(A®) 
Oz 


= — (a|V})—!| Ad(—2a) 
A®(—3a) 1 
A&(—4a) 1 
A®(—5a) 1 5 


If in (7) we put z=0, we have a formula for calculating first vertical derivatives 
on the plane of observations which may be written, 


0(A®) 1 1 1 1 1 
| | ~ (: + ~ 3 + ~) 44(0) 
v0 ‘ Py 


Oz a 2 


ae (—1)™"5! 
= a = — Ad(—ma). 
a m= m*(m — 1)!(5 — m)! 
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The last formula and Bickley’s 6-point formula as given by Southwell (1946) are 
identical. Successively putting z=a, 2a, etc. in (7), we obtain first derivative 
formulas at depth. 

To obtain sets of coefficients for computing [@(A®)/dz],-. using the ten ring- 
averages A®(r;) we take a=unity, put (5) into (7) and after some algebraic man- 
ipulation obtain the working formula 


0(A®) =.= 
| - | 7 z A®(r;) D’(r:, k), 
Oz z=k i=0 


where D’(r;, k) are the first vertical derivative coefficients appropriate for k 
mesh intervals below the plane. The coefficients are given in Table IV. 

In a similar manner we differentiate (7) with respect to z and obtain a second 
vertical derivative formula, 


0 2 —6(z/a) 12(z/a)? —20(z/a)? | 


A®(0) 
A®P(—a) 
— (a?| V|)—"| A&(— 2a) 
A®(— 3a) 
A®(—4a) 
A®(— 5a) 


07(A®) 


02? 


TABLE IV 
First VERTICAL DERIVATIVE COEFFICIENTS 
0( Ad) 
For computing on and below the plane z=0 
Oz 


(Grid interval=1 unit) 
Ad(r;) D’(r;, 0) D'(r;, 1) D'(r;, 2) (ri, D'(r;, 4) 


At (0 1.87282 6.62394 16.98074 .11116 67 .88049 
A® (1 —1.13625 |—5.62446 |—16.05517 35.96237 |—69.68033 
A® (4/2) —0.05949 0.12727 0.76135 .17080 4.76651 
Ad (4/5) -0.30210 |—0.88750 |— 1.98701 3.83054 - 6.69004 
A (\/8) ~0) 05857 0.00361 . 23820 .76745 . 74330 
A® (4/15) —0.07597 |—0.04856 | .09219 .42646 .05352 
A® (4/25) —0.07072 |—0.04007 | .07475 .32573 .77613 
A (4/50) —0.05758 |—0.04575 |— 0.00768 06859 19699 
A (4/136) —0.03905 |—0.03615 |— 0.02726 01084 .01469 
A& (4/274) —0.02286 |—0.02233 |— 0.02077 .01812 .01433 
A® (4/625) ~0.05020 |~0.05000 |— 0.04934 - 0.04832 .04693 


| | 
O(A®) ie 
d Av(r:)D' (ri, b) 
Oz aa 
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TABLE V 
SECOND VERTICAL DERIVATIVE COEFFICIENTS 
07(A®) 
For computing ———— on and below the plane z=0 
2 


ps 


(Grid interval=1 unit) 
A®(r;) D’'(r;, 0) D’"(r;, 1) D’’(r;, 2) D’'(r;, 3) 


A® (0) .82994 | 7.08408 14.15751 24.74755 
A@ (1) .49489 .93715 —14.51327 —26.02351 
A@ (4/2) .05173 .36265 0.96018 1.92719 
Ae (4/5) 39446 .80764 1.42970 2.30269 
A (4/8) .00932 . 13050 0.35907 0.72474 
Ae (4/13) 00732 .07231 0.22256 0.46253 
A@ (4/25) .00304 .06502 0.17330 0.33920 
A® (4/50 .00219 .02312 0.05501 0.09985 
A@ (4/136) .00040 .00565 0.01239 0.02070 
A® (4/274) .00004 .00103 0.00210 0.00322 
A@ (4/625) .00000 .00043 0.00085 0.00122 


0?(A®) 10 " 
—— | => ao(r)D"(r,, b) 


dz? 
z=_K 


which for z=0 agrees with Bickley’s 6-point formula, and for z=a, 2a, 3a takes 
the form 


9 


Oz t=O 


02(A®) a a 
| — | ~ Zz. A®(r;) D’’(r;, k). 
z=k 


The second vertical derivative coefficients, D’’(r;, k), are given in Table V. 
An inconsequential truncation error has been forced into the last row of coeffi- 
cients of tables IV and V. Table VI shows the results obtained with these coeffi- 
cients when used to compute the first and second vertical derivatives of the grav- 
ity anomaly of a sphere with center at (0, 0, 10), at various depths along the 
vertical axis. 

TABLE VI 


DERIVATIVE COEFFICIENTS TESTED ON GRAVITY ANOMALY OF SPHERE; CENTER 
(0, 0, 10), CompuTEep aT Points (0, 0, z 


d(A®) 

First Derivative, Second Derivative, 
Depth Oz 
: a , Computed Percent - ; Computed Percent 
True Value Value Error True Value Value Error 
126. 187.5 191.5 
173. 285.8 275.9 
238. 457.8 391.1 
331. 780.9 543.0 
458. | - 
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Because differentiation weakens convergence, and tends to magnify errors in 
the original data, the derivative formulas should not be used with abandon at 
great depths. 


COMPARATIVE RESOLVING POWER 


Although the high resolving power of derivative methods is well known, it is 
instructive to compare the resolving power of the fields in terms of equivalent 
depths. Starting with the composite gravity anomaly of the two spheres discussed 
above, a central profile was computed for the various fields at various levels by 
the methods described in this paper. In order to have a common basis for com- 
parison, the percent of maximum range of each anomaly was plotted in each case 
as shown in Figure 4. The field itself continued to the third, fourth, and fifth 
levels below the plane z=0 is shown on the right, together with the second deriva- 
tive field for z=0 to z=3. On the left is the first derivative field at the indicated 
depths. For this case, it is apparent that the first derivative at z=0 has a resolv- 
ing power equal to that of the field continued to z=3, but the first derivative it- 
self must be continued to z=3 to have a resolving power equal to that of the 
second derivative at z=0. Derivative anomalies, unquestionably effective for 
resolution and for locating maxima, minima, and inflection points are otherwise 
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Fic. 4. Comparative resolving power of derived fields on and below the plane z=0. Composite 
gravity anomaly of two spheres; depth and horizontal separation of centers= 10 units. 
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something of an enigma to interpret. On the other hand, the field itself after 
downward continuation remains a perfectly good field to which a number of well- 
known interpretation techniques apply. 


ELECTRONIC COMPUTER CALCULATIONS 


The computation processes were programmed on Burroughs 205 and 220 
computers by James Marsheck of the Computation Branch of the Geological 
Survey. The program follows the outline above with one exception—the sums of 
A@ on each circle are computed rather than the averages. The divisor which con- 
verts the sum to an average is incorporated in the coefficient. Gridded field data 
on punched cards are fed into the computer, which proceeds to sum A®@ on the 
ten rings about each grid point. The sums are stored on magnetic tape and are 
thus immediately available for whatever type of field calculation is desired. The 
various sets of modified coefficients also are stored on magnetic tape. For a re- 
quired calculation, the appropriate set of coefficients is called up and the com- 
puter cumulatively multiplies the coefficients and the ten-ring sums, and prints 
out the values by co-ordinates. Near the boundaries of the area the values become 
erratic because the program arbitrarily inserts null values on those portions of 
rings external to the area. 


PRACTICAL TESTS 


As pointed out by Nettleton (1954), the successful application of a process to 
simple theoretical anomalies by no means assures success when applied to prac- 
tical field data. The system described here, however, has been successfully ap- 
plied to a number of practical complex anomalies for which there is multilevel 
control. For example, consider the aeromagnetic map over the Mexican Hat 
Area of Utah, shown in Figure 5. The measurements were made with an AN/ASQ- 
3A flux-gate type magnetometer, flown at 8,500 ft above mean sea level, along 
lines spaced about one mile apart. These data were used to compute the field at 
the 6,000-ft level (Figure 6), for comparison with observed data on that level 
(Figure 7). The mesh interval is 2,500 ft; however, for better contouring we com- 
puted intermediate points by migrating the grid laterally one half step. The com- 
putations were done on the electronic computer. The computed anomaly faith- 
fully reproduces the features of the observed anomaly, including a magnetic fea- 
ture which correlates with the structural axis of the Raplee anticline. 


ACCURACY 


Objectionable oscillations sometimes occur in fields continued downward. 
When examined in profile under controlled conditions, these oscillations are seen 
to be about some mean value of the field. They are not inherent—rather they 
are symptomatic of a mesh that is too fine. By doubling or trebling the mesh 
interval, and computing intermediate points if necessary, one can eliminate the 
oscillations. The burden of smoothing, therefore, is made to rest upon the grid 
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Fic. 5. Aeromagnetic map Mexican Hat area, Utah, observed at 8,500 ft 


above mean sea level; contour interval 50 gammas. 


spacing, thereby obviating the introduction of arbitrary smoothing factors in the 
formulas. Any doubts about grid spacing can be resolved by a preliminary 
calculation of a few critical points on a desk calculator. 

The extent to which a derived field satisfies the Laplace equation is perhaps 
the best criterion of the accuracy of the field. This test is troublesome to apply. 
The most practical check on derivative calculations is to use the derivative values 
in a Taylor expansion type of downward continuation—the continuation process 
used by Peters (1949). Three level data, e.g., Ab(0, 0,0), A&(0, 0, a) and A®(0, 0, 2a) 


are required for this test. Neglecting terms of fourth order and higher we have 
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Fic. 6. Aeromagnetic map Mexican Hat area, Utah, computed at 6,000 ft above mean sea level from 
observed data at 8,500 ft; contour interval 50 and 100 gammas. 
for a=1 
07(A®) 


Oz" 


| — A(0, 0,0 ), (8) 
z=1 


A®(0, 0, 2) ~ 2A8(0, 0, 1) +| 


for checking second derivatives computed on the first level below the plane z=0. 

In studying second derivative anomalies in Southeast Missouri, John W. 
Allingham of the Geological Survey found glaring discrepancies between values 
calculated from the D” coefficients of this paper and those calculated on the 
same level from a standard second derivative formula which was thought to be 
quite good. For example consider the data of Table VII, computed for a given 
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Fic. 7. Aeromagnetic map Mexican Hat area, Utah, observed at 6,000 ft 
above mean sea level; contour interval 50 and 100 gammas. 


point on the Potosi, Missouri aeromagnetic map. There is a discrepancy between 
second derivative values computed for this point by the old and by the new 
formulas. When these derivative values are used in formula (8) to compute to the 
next lower level, field values of 4,693 y and 3,510 y are obtained for a point 


TaBLeE VII 


EXAMPLE OF USE OF TAYLOR EXPANSION TO RESOLVE DISCREPANCIES 
IN DERIVATIVE VALUES 


AT o°AT 
: - , lalue of in gam- ‘alue of — in gam- 
Value of field AT(0, 0, z) \ ‘ act 8 V - az? 8 
In gammas ry . yy ‘ 
waite mas/(grid unit)? mas/(grid unit)? 
Old Formula New Formula 


Level z 


1418 235 


AT (0, 0, 2) from (8) AT (0, 0, 2) from (8) 
4693 ¥ 3510 + 
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whose value is 3,514 y. Clearly, the discrepancy is resolved in favor of the new 
iormula. 
CONCLUSIONS 

Magnetic and gravity anomalies can be continued downward with an accu- 
racy adequate for most purposes if careful attention is given to the details of the 
numerical analysis. When the continuation distance exceeds one half the depth 
of burial for tabular bodies, or one half the depth to the center for spherical 
bodies, the error can be expected to exceed ten percent. Downward continuation 
can aid interpretation for depth by bringing normally intractable anomalies 
within the compass of well established methods. 

Those interested in resolving anomalies without altering the basic properties 
of the field might employ downward continuation to advantage. Those seeking 
the ultimate in resolution might find derivatives computed at depth preferable 
to higher derivatives computed on the plane of observations. 

The various fields discussed in this paper are consistent to the extent that 
they have been derived from the same fundamental formula. The various sets 
of coefficients can be incorporated in high speed digital computer programs, or 
they can be used on desk calculators to compute profiles across interesting fea- 
tures. 
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BASEMENT MAPPING WITH AEROMAGNETIC DATA— 
BLIND RIVER BASIN* 


NELSON C. STEENLAND{ anp ROBERT J. BROD7{ 


ABSTRACT 


A detailed aeromagnetic map at 1,700 ft of 16 sq mi of the uranium-producing Blind River Basin 
of Ontario, Canada, shows anomalies interpreted to originate from shallow basic intrusives and 
deeper basement rocks. The identification of a major basement fault from a basement anomaly is de- 
scribed after demonstrating the isolation of these anomalies from the intrusive rocks on the basis of 
calculations of their depths. An aeromagnetic map computed upward to 2,630 ft and two second verti- 
cal derivative maps confirm the identification of the two categories of anomalies. Later drilling tends 
to confirm the existence of the fault. 

The entire study is considered applicable to much larger aeromagnetic surveys because all types 
of anomalies are present within this small area where they can easily be correlated with their origins. 


INTRODUCTION 

Aeromagnetic maps are used extensively in exploration for petroleum for the 
primary purpose of calculating the thicknesses of the sedimentary section. The 
underlying rock is referred to as ‘‘basement,”’ and aeromagnetic data are gen- 
erally effective in determining this basement-sedimentary interface because base- 
ment ordinarily has much larger magnetic polarization than sediments. (Vacquier, 
et al., 1951, Chap. II esp.) 

Often, but not necessarily, this interface is the top of the Precambrian, and it 
is mapped over thousands of square miles in the course of exploration for oil and 
gas. Basement mapping with aeromagnetic data in the Blind River Basin is 
quite different for two reasons. First, both basement and sediments are Pre- 
cambrian. But this presents no difficulty because the sediments apparently have 
values of magnetic polarization representative of the more common, younger 
sediments and because the underlying basement is also typically magnetized. 
Secondly, the area is relatively very small, 16 sq mi. However, it contains 
all the problems that might be encountered in a large area. By surveying it in 
great detail, the very complex magnetic field is mapped with satisfactory 
precision. 

THE PROBLEM 


The Blind River Basin of Ontario, Canada, is located immediately north of 
Lake Huron. The basin currently is producing more than 30,000 tons of uranium 
ore daily from conglomerates at or near the base of the Precambrian sediments. 
Figure 1 shows the area of the survey in inset and in relationship to the basinal 
margins as indicated by the outcrop of the basement rocks. The ore is mined 


* Presented before the 29th Annual Meeting of the Society in Los Angeles on November 12, 
1959. Manuscript received by the Editor February 29, 1960. 
+ Gravity Meter Exploration Company, Houston, Texas. 
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Fic. 1. Index Map showing basement outcrop on basinal margins. 
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primarily from shallow ore bodies along the margins of the basin, ore bodies de- 
lineated in 1956, ore having been first detected on outcrop in late 1953. 

The aeromagnetic survey results from efforts by Stancan Uranium Corpora- 
tion, discoverer of the Stanrock ore body, to delineate additional ore reserves in 
the deeper, central areas. There is no control of mineralization by basement 
structure or composition. However, knowledge of the basement’s configuration 
is of great economic importance in the matter of locating deep diamond drill holes, 
a costly but the only successful method of finding these ores. With accurate in- 
formation in hand with regard to the basement, consideration can be given to 
depth, in order to get as high as possible within a prospective area, and to faulting 
because of the difficulties involved in drilling shattered ground. 

The authors acknowledge the permission of Stancan Uranium Corporation to 
publish this material. 

GEOLOGY 


The area typifies shield terrane with abundant outcrop. Collins’ (1925) early 
studies are remarkably in agreement with the new information disclosed by the 
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recently accelerated activity. Roscoe (1956) provides the most recent stratigra- 
phy of the area under discussion. Robertson and Steenland (1960) add per- 
haps the most detailed data.on the uraniferous mineralization and subsurface 
conditions inasmuch as their work incorporates results from over 300,000 ft of 
diamond drilling. 

The sequence of sediments in the Cobalt and Bruce series is shown in Table I. 

These sediments, predominantly quartzites but with some limestone, shale, 
and conglomerate, attain a maximum thickness of approximately 5,100 ft in the 
area under discussion. This is considered to be the maximum thickness in the 
area between the productive areas on the northern and southern rims. 

The sediments have a general synclinal attitude along an east-west axis, but 
this general picture is abruptly distorted by strike- and tear-faulting which ap- 
pears to intensify from north to south. Metamorphism is low grade, the green- 
schist facies. Superimposed on earlier phenomena is a general soaking with 
sulphide. Pyrrhotite, chalcopyrite, sphalerite with occasional galena, and pyrite 
occupy fractures in all rocks from basement to the youngest Huronian sediments. 
What is important, however, is that no magnetic effects from these sediments 
are found in the aeromagnetic data. 

The basement includes metamorphosed volcanics and sediments with acid 


TABLE I 


STRATIGRAPHIC SEQUENCE SHOWING RELATION OF VARIED TERMINOLOGY 


Nomenclature of Nomenclature of . oo ea ee 

ae : Common Terminology 

Collins Roscoe . 
Formation Series Group Formation 


Lorraine Lorraine quartzite 





Cobalt 
Gowganda Dunlop Gowganda Gowganda conglomerate 
Serpent Serpent Serpent quartzite . 
7 
K4 
Espanola limestone a5 
Quirke o 
Espanola Espanola Espanola greywacke fe 
Bruce limestone = 
Bruce Bruce Bruce Bruce conglomerate 6 
Ten Mile Upper Mississagi quartzite 
Mississagi et 
Mississagi Whiskey Middle Mississagi argillite | & 5 
oz 
eee 5 = 
Nordic ss 
Elliot Lower Mississagi ad 


Matinenda quartzite conglomerate 
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and basic intrusives of varying ages. These rocks are commonly considered to be 
of Archean (Precambrian) age. The Precambrian Huronian sediments overlie 
them with distinct unconformity. 

Superimposed on all is a multitude of basic intrusives, diabases, both sills and 
dikes. Most intrusives are elongated along the basinal strike and reach shallow, if 
not outcrop, level. These rocks have large magnetic polarizations which cause 
conspicuous anomalies on the observed field. 

THE AEROMAGNETIC SURVEY 

The survey is made with a Gulf flux-gate magnetometer (Wyckoff, 1948), 
measuring essentially the total intensity of the earth’s magnetic field (Vacquier, 
et al., 1951, p. 45 esp.), flown at an elevation of 1,700 ft above sea level. This 
affords a mean terrane clearance of approximately 500 ft. The area of greatest 
interest, the central portion of the survey, has flight lines oriented north-south 
and spaced 250 ft apart. This spacing increases to 500 ft south of the area of 
maximal interest. This system of lines is crossed by east-west lines spaced 1,000 
ft apart. The entire area is approximately 16 sq mi. 

A reproduction of an original magnetic record is shown in Figure 2, a north- 
south line. It is a typical record and an interesting one, showing the prominent 
anomalies from the basic intrusives obscuring the effect of the basement fault. 


THE OBSERVED AEROMAGNETIC FIELD 

The observed aeromagnetic field can only be incompletely represented here. 
Figure 3 shows it with contouring intervals of 20 and 100 gamma on an arbitrary 
datum. The observed data are adequate for contouring with even a two-gamma 
interval, if a large scale could be employed, because the survey is that accurate 
and detailed with respect to the observed anomalies. 

All subsequent maps will be within the same outline and will show the major 
lakes as areas of reference. The lake just to the left of center, somewhat resem- 
bling the British Isles in shape, is Crotch Lake. The large lake with northeasterly 
attitude in the eastern part of the figure is McCabe Lake. 

The observed magnetic field is dominated by an area of low intensity striking 
northwesterly across the area. This low is on the northeastern flank of a corre- 
sponding positive axis which has its highest intensity along the southern bound- 
ary of the map. This primary distribution of intensity is disturbed by sharp, 
narrow anomalies whose positive portions are always to the south of less devel- 
oped, negative components. The most continuous example of the restricted type 
of anomaly is the positive axis extending westerly across the northern portion 
of the map. 


THE DIABASE EFFECTS 


The correlation between the areas of outcropping basic intrusives and the 
sharp, narrow anomalies demonstrates immediately the origin of these anomalies. 
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Moreover, these anomalies are sharp because the diabasic bodies invariably are 
near or on the surface. Depth estimates (Vacquier, et al., 1951) in every instance 
give values approximately at ground level. Figure 4 illustrates the correspondence 
between outcropping diabase and areas interpreted from the magnetic data to 
be underlain at shallow depths by similar materials. The great complexity of the 





Fic. 2. Typical aeromagnetic record including location of major up-to-the-south basement fault. 
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Fic. 3. Observed Aeromagnetic Map at 1,700 ft asl. 


magnetic anomalies prohibits the development of more detail within the general 
zone, but it does include most of the diabase that crops out. The exception in 
the northwest is perhaps representative of the fact that many of these intrusives 
are so far into the quartzitic phase that they are undoubtedly weakly magnetic, 
if at all (Robertson and Steenland, 1960). 

These anomalies are so abundant on the original flight-line records that they 
cannot all be represented on Figure 3. It is, of course, imperative to remove them 
with utmost accuracy before analyzing the magnetic data for effects of basement 
rocks. The difference in depth between the diabasic and basement rocks is suf- 
ficient to isolate anomalies from the former by depth computations made on the 
original magnetic tapes. Such anomalies yield depths at or near the surface, 
500 ft below the survey. 
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Figure 5 illustrates the type of anomaly which has to be removed. The section, 
“A” of Figure 4, also shows the quantitative relationship between this anomaly 


and the subsurface in an area where the subsurface is well identified. The section 
is along a north-south line, and the anomaly under consideration is clearly ob- 
servable in the southeastern corner of Figure 3, where it shows as a prominent 
eastward positive nose. The residual anomaly has an amplitude of 85 gamma. 
The underlying geologic section shows that this anomaly occurs over the southern 
flank of the basin where the basement and the sediments dip northward at ap- 
proximately 20° on outcrop, decreasing to approximately 5° basinward. The 


diabase dike both crops out and is drilled through by diamond drill hole Z-5-1. 
A second drill hole, Z-5-2, north of 5-1 and farther basinward, is bottomed in 
granite without having intersected the diabase. The sediments in this section 
are the basal formation of the Huronian; the Lower, Middle, and Upper mem- 
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bers of the Mississagi formation. The Upper and Lower members are primarily 
quartzites; the Middle member is a rather pure argillite. As a matter of interest, 
the uranium bearing conglomerates occur as lenses in the Lower Mississagi 
either immediately on or not far above the surface of the basement. The anomaly 
is computed with the assumption that the polarization is normal and the suscepti- 
bility contrast is 600X10~* emu. The agreement between the computed and 
residual anomalies is more than adequate to identify this type of anomaly with 
the intrusive bodies which are common throughout the basin. 


THE BASEMENT AEROMAGNETIC MAP 


The basement aeromagnetic map (Figure 6) is the field which results from the 
removal of the anomalies identified with the intrusives from the observed aero- 
magnetic map (Figure 3). Thus, it is the map of anomalies originating from the 
pre-Huronian basement. It shows the primary northwesterly trending positive 
and negative axes of the areas of high and low intensity without the sharp, con- 
spicuous, east-west, ‘‘diabasic’”’ anomalies of the observed map. 

The authenticity of this map and, conversely, the reliability of the identifica- 
tion and removal of the diabase effects, may be investigated by computing the 
observed aeromagnetic field upward inasmuch as such a procedure should result 
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Fic. 6. Basement Aeromagnetic Map. 


in the rapid attenuation of the diabasic effects compared to the basement effects. 
Figure 7 is the computed aeromagnetic map at 2,630 ft above sea level, 930 
ft above the original map. It is considered an excellent confirmation of the first 


attempt to produce a basement magnetic map because it not only confirms the 
primary areas of high and low intensity, it also confirms the negative area along 
the northern margin and the sharp, positive nose in the northeastern corner of 
Figure 6. The maps are divergent in the northwest where the continuation map 
shows part of a positive anomaly which does not appear on the basement aero- 
magnetic map. Note that some diabasic effects have not disappeared from the 
observed field in the continuation process. The conspicuous remnant is the small, 
westward, positive nose in the southwest which is a remnant of not a single 
diabasic effect but two contiguous, sharp, positive anomalies which are easily 
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Fic. 7. Aeromagnetic Map at 2,630 ft asl. 


discernible in Figure 3. The continuation is computed by the system published 
by Henderson and Zietz (1949), applied on a one-eighth mile grid. Note that the 
amplitude between high and low areas on the basement aeromagnetic map is 
almost 1,100 gamma. On the continuation map it is only 700 gamma. 

It should be stated that the continuation map is really not helpful except 
for confirming the residual procedure used in correcting the observed aeromag- 


netic map for the diabasic effects. For example, to use the continuation map for 


basement depth computations is not as accurate as using the basement aero- 
magnetic map because points are known only every one-eighth mile on the con- 
tinuation map. The control on the basement aeromagnetic map is essentially 
continuous inasmuch as the residual corrections are made from a close network 
of original flight tapes so that representation of the basement aeromagnetic field 
is continuously determined along each of the individual flight lines. 
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SECOND VERTICAL DERIVATIVE MAPS 


Another technique for the isolation of anomalies is the use of the second 
vertical derivative. There are many formulas published for the application of 
this procedure, but it is well known that the results are essentially dependent 
upon grid size rather than the particular formula selected. Figure 8 shows the 
results of computing a second vertical derivative with a one-eighth mile grid 
using the formula of Henderson and Zietz (1949). The contour interval is 
2,000 X 10-" cgs units. This map is computed directly from the observed aero- 
magnetic map. It shows that the basement effects are diminished and that the 
diabasic effects dominate this derivative field. As one illustration of this, note 
that depth computations made by measuring the distance from the zero contour 
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diabase areas selected from aeromagnetic data are solid where confirmed by outcrop. 
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to the center of the positive anomaly are all of the order of 500 ft, the height of 
the survey above ground. Further illustration of the correlation of these deriva- 
tive anomalies with diabases is brought out by superimposing on the derivative 
map the outline from Figure 4 of the areas of diabase selected from the original 
aeromagnetic data. This outline is solid only where confirmed by outcrop. An 
excellent example of the correlation between derivative features and diabase 
occurs along the positive trend in the northern portion of the map. Besides its 
being obvious that there are no anomalies which could be correlated with base- 
ment effects, there is an unusual feature of this map, the fact that all anomalies 
have approximately the same width. Perhaps this is another indication of the 
artificiality of a derivative calculation of this type inasmuch as it would be naive 
to assume that all intrusive bodies, if these are correctly identified as the sources 
of these anomalies, are exactly the same width throughout the area. 

Figure 9 is the second vertical derivative computed with the same formula but 
using a one-mile grid. Although the one-mile grid is used, points are computed 
every one-eighth mile so that the map has the same number of control points as 
the map in Figure 8 computed with the one-eighth mile grid. The outlines selected 
from the aeromagnetic data as areas of diabase are shown as before to indicate 
their relationship to the anomalies. In this instance, only some of the diabasic 
effects are represented by derivative anomalies, particularly those in the northern 
portion of the map. However, the map does show some basement effects. For 
example, the positive axis on the southern boundary is the derivative expression 
of the strong observed positive anomaly in the south of Figure 3. A depth estimate 
on the flank of this anomaly is approximately — 1,600 ft which is several hundred 
feet lower than the true depth of —1,300 ft. In conclusion, the use of the one- 
mile grid for the derivative calculation results in anomalies which are from both 
sources, the shallow intrusive rocks and the deeper basement rocks. One might 


say, therefore, that this map is more correctly representative of the derivative 


field of the original observed aeromagnetic field than the map made with the 
one-eighth mile grid. As such, it does not separate one group of anomalies from 
the other. As a matter of fact, it hardly serves to isolate one group of anomalies 
from another any more than they are isolated on the original observed map. 
DISCUSSION 

The original problem of mapping the surface of the basement is attacked by 
means of the original flight line tapes, on which the corrections are made for the 
diabasic effects, and by the basement aeromagnetic map (Figure 6) which shows 
the anomalies considered to arise from the basement. Depth computations made 
with these two sources of data are shown in hundreds of feet in Figure 10. 
Other data shown on this map are basement depths known from deep diamond 
drill holes and from the mineshafts themselves. These are shown in feet, posted 
next to the basement intersection points. Two of these points of intersection are 
shown with a circled dot indicating that these originate from deep diamond drill 
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Fic. 9. Second vertical derivative from 1-mi grid with positive anomalies stippled. Outlines of 
diabase areas selected from aeromagnetic data are solid where confirmed by outcrop. 


holes drilled after the original preparation of this basement map. The deepest 
diamond drill hole, no. 1 that with a depth of —3,900 ft estimated, is bottomed 
in the top of the Lower Mississagi because of mechanical failure. The fault 
shown between this hole and the one to the southwest bottomed at — 2,338 ft, 
C2-4, is picked entirely from the aeromagnetic data and is interpreted to be 
a thrust fault. At the same time, two normal faults, also deduced from the aero- 
magnetic data, are shown in Figure 10. Furthermore, the computed depth esti- 
mates are used to contour the basement surface along with the known subsurface 
points at a 500 ft interval. The northward-dipping, southern flank of the basin 
is relatively uniform down to — 2,000 ft, but the — 2,500 ft contour noses abruptly 
into the basin in conjunction with the major thrust block. A drill hole, C2-5, 
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Fic. 10. Basement Map with basement depths computed from aeromagnetic data 
shown in ft/100 and subsurface basement “tops’’ in ft. 


subsequently located on the eastern shore of Crotch Lake at a point between the 
two original drill holes, is bottomed on basement at — 2,740 ft at a point flanked 
by two —2,700 ft computed depth estimates. Furthermore, another hole, C2-7, 
drilled on southern Crotch Lake, has a basement “top” of — 2,320 ft immediately 
north of a computed depth estimate of — 2,200 ft. 

Figure 11 is a study of the magnetic expression of the fault, itself, in relation 
to the large observed aeromagnetic anomaly, undoubtedly of intrabasement 
origin, upon whose northern flank the fault anomaly occurs. The location of this 
section, ‘“B,” is shown on Figure 10. The large observed anomaly of Figure 11 is 
reproduced directly from the north-south flight line. Along with it is plotted a 
computed intrabasement effect to represent the large positive anomaly of the 
observed data. Notice that this computed effect matches the observed anomaly 
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Fic. 11. Magnetic-Geologic Section B. 


very closely south of the apex, even identically in the critical area immediately 
south of the apex. But north of the apex the computed effect has less amplitude 
throughout the extent of the anomaly until the curves join in the vicinity of the 
northern two drill holes. The difference between the two curves is an indication 
of a lack of conformity of the observed field to an intrabasement effect. Inasmuch 
as this entire field is considered to originate from the basement, the difference 


between the anomalies is quite probably the result of the fault. In addition to 


this matter of the difference between these two anomalies is the fact that the 
form of the observed northern limb of the anomaly does not fit an intrabasement 
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form. On the other hand, the form does fit that of a plate of material. The base- 
ment section is shown below the anomaly along with the four drill holes which 
give subsurface control on the basement surface. Superimposed on the basement 
is a hypothetical block used to represent the fault. The anomaly computed from 
this particular block is shown in the small inset on the upper left portion of the 
figure. This computed effect is compared with the residual effect or the difference 
between the observed and computed intrabasement anomalies. The residual has 
an amplitude of 75 gamma. A susceptibility contrast of 3,000 X 10~* emu is used 
in computing the curve to match the residual anomaly. The basement displace- 
ment is 880 ft with the upthrown block at —2,740 ft. 
CONCLUSION 

Perhaps this presentation has greater significance than simply demonstrating 
the applicability of the aeromagnetic method to a very small-scale problem in 
mining. A larger area of applicability is the relevance to the much larger and 
much more common problem of surveying sedimentary basins with the airborne 
magnetometer in connection with petroleum exploration. The relationship be- 
tween the two subjects is a matter of scale. The survey under discussion has 
in it the three principal components which are encountered in the more con- 
ventional, large aeromagnetic surveys. These are, first, intrabasement effects; 
secondly, effects from the structure of the basement’s surface; and, thirdly, the 
effects of intrusive and extrusive rocks. These are all here together with closely 
identified geologic conditions which can be correlated very directly and very 
quantitatively with these three components. 

In the study of these relationships, procedures are utilized which are well docu- 


mented in geophysical literature in order to demonstrate the applicability of 


procedures which are available to everyone. 
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GEOPHYSICAL CASE HISTORY OF THE HORSE CREEK 
FIELD, LARAMIE COUNTY, WYOMING* 


JACK W. PETERS} 


ABSTRACT 


The Horse Creek field located in Laramie County, Wyoming, was discovered and developed by 
the General Petroleum Corporation following a reconnaissance gravity survey and preliminary and 
detail seismic surveys. The gravity survey, made during 1940, delineated a strong maximum gravity 
anomaly having a magnitude of about 5 mg. Limited seismic work was then conducted in the area 
during 1941 and 1942 and mapped a prominent anticline having some 2,000 ft of closure. In Septem- 
ber, 1942, General Petroleum Corporation spudded in their No. 78-31-G well, located on the apex of 
the structure. This well was completed as the discovery for the field, producing from the lower Cre- 
taceous-Lakota sand. The second well, No. 74-6-P, was completed in April, 1943, as the lower Cre- 
taceous-Muddy sand discovery for the field. Further seismic work was done during 1944 and 1945 to 
detail and refine the structural picture. Subsequent drilling developed the Muddy sand as the primary 
producing zone in this field. A total of 32 producing wells has been drilled on this structure and to 
August, 1958, the total cumulative production from the field was 3,519,000 barrels of oil. 


INTRODUCTION 

The Horse Creek field was discovered and developed by the General Petro- 
leum Corporation and was the first oil field discovered in the Wyoming portion 
of the Denver-Cheyenne Basin. This field offers a rather ideal example of a 
geophysical case history in that the discovery was based entirely on geophysics 
and involved a logical sequence of reconnaissance gravity work followed by pre- 
liminary and detailed seismic work. 

LOCATION AND GENERAL GEOLOGY 

The Horse Creek field, located in Laramie County, Wyoming, is situated in 
the Denver-Cheyenne Basin about 20 miles northwest of the city of Cheyenne 
(Figure 1). Geologically, the Horse Creek field is situated on the steep west 
flank of the Denver-Cheyenne Basin, midway between the Precambrian out- 
crops on the Laramie Mountains ten miles to the west and the trough of the basin 
ten miles to the east. Surface beds over the field area are flat-lying Pliocene and 
Miocene beds. These beds form a prominent angular unconformity with the older 
formations and completely conceal the underlying structure. 

GRAVITY SURVEY 

The first indication of structure in the Horse Creek field area was furnished 
by a reconnaissance gravity survey which covered some 2,000 sq. mi. along the 
west rim of the Denver-Cheyenne Basin. This gravity survey was conducted 
by the Independent Exploration Company during the summer and fall of 1940 
for Manning & Martin, Incorporated. Figure 2 shows that portion of the origi- 

* Presented at the 28th Annual Meeting of the Society, San Antonio, Texas, October 15, 1958. 


Manuscript received by the Editor December 7, 1959. 
T Mobil Producing Company, Billings, Montana. 
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Fic. 1. Index map showing location of Horse Creek field. The trough of Denver-Cheyenne Basin 
is indicated by the synclinal axis. Precambrian outcrops of Laramie Mountains are shown by stippled 


areas. 


nal gravity map which covers the Horse Creek field area. The contour inter- 
val on this map is one mg with every five-mg line emphasized. Gravity stations 
are indicated by small circles. This map shows a strong northeast-southwest 
trending maximum gravity anomaly having a magnitude of about 5 mg. For 
reference, the subsequent producing area of the Horse Creek field is shaded on this 
map and it shows favorable correlation with the observed gravity anomaly. To 
emphasize this favorable correlation, a residual gravity map was computed re- 
cently and is shown in Figure 3. 

Mr. John H. Wilson of the Independent Exploration Company supervised 
the gravity survey and made the original interpretation of the data. In his re- 
port, he designated this anomaly in the Horse Creek field area as the outstanding 
anomaly in the survey and recommended it for further evaluation. On the basis 
of this gravity work, Manning & Martin acquired a 7,700 acre lease block on this 


gravity anomaly. 
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PRELIMINARY SEISMIC SURVEYS 
During August, 1941, the General Petroleum Corporation took a geophysical 
option on the leases held by Manning & Martin in the Horse Creek field area 
with the right to conduct further geophysical operations and to acquire and 
develop the leases. Subsequently, during September-December, 1941, and June, 
1942, the Western Geophysical Company, working for General Petroleum, shot 
several lines of dip correlations across the gravity anomaly and the optioned 
leases. The seismic map in Figure 4 is an interpretation of the preliminary seis- 
mic work made during July, 1942, by Mr. A. F. Barrett of the General Petroleum 
Corporation. This map is contoured on the lower Cretaceous-Dakota horizon 
at an interval of 500 ft. Shotpoint locations are shown by small circles. This 
preliminary seismic work, although quite limited, indicated a very prominent 
anticlinal structure possibly having some 2,000 ft of closure. 
Figure 5 is an east-west seismic dip section across the structure. The location 
of this section is shown by line AA’ on Figure 4. In this section, the wavy liné 
represents the approximate unconformity between the relatively flat dip segments 
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Fic. 2. Bouguer gravity map of the Horse Creek field area. Shaded area represents subsequent 
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Fic. 3. Residual gravity map of the Horse Creek field area. Shaded area represents subsequent 
producing area of the field. Gravity station locations are shown by small circles. Contour interval is 


one mg. 


in the overlying Tertiary section and the steeply dipping segments in the under- 
lying Cretaceous section. The dashed line represents the phantom horizon used 
in making the preliminary seismic “Dakota” map. 

On the basis of this preliminary seismic work, General Petroleum took assign- 
ment of the leases from Manning & Martin, and, with additional lease acquisi- 
tions, assembled a solid lease block of approximately 25,000 acres on this pros- 
pect. 

DISCOVERY WELLS AND INITIAL DEVELOPMENT 


In September, 1942, General Petroleum Corporation spudded in their No. 
78-31-G well located on the apex of the seismic structure in SW SE SE sec. 31, 
T. 17 N., R. 68 W. (Figure 4). This well encountered oil saturation in two lower 
Cretaceous sands, the Muddy (“J’’) and the Lakota, and was drilled to a total 
depth of 5,530 ft into the Jurassic- Morrison formation. Drill stem tests recovered 
only a slight show of oil from the Muddy but indicated commercial production 
from the Lakota sand within the interval 5,490—5,530 ft. This well was completed 
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in November, 1942, as the discovery for the field with an initial daily pumping 
production of 455 bbl of 30° gravity oil and 114 bbl of water from the Lakota 
sand. Concurrent with the drilling at this well, a few additional lines of dip 
correlations were shot by Western on the south portion of the structure. 

The second well, No. 74-6-P, located in SW SE NE sec. 6, T. 16 N., R. 68 W., 
one half mile south of the discovery, was spudded during November, 1942. Tests 
in this well indicated considerable fresh water with only a scum of oil in the 
Lakota sand, but recovered significant amounts of oil from the Muddy sand in 
the interval of 5,422-5,446 ft. This well was completed in April, 1943, as the 
Muddy discovery for the field with an initial daily pumping production of about 
25 bbl of 34° gravity oil. 

A third well, No. 32-32-G, located in SW NE NW sec. 32, T. 17 N., R. 68 W., 
three fourths mile northeast of the Lakota discovery, was completed in Septem- 
ber, 1943. The Lakota in this well was ‘‘wet”’ with no shows of oil or gas and a 
test of the Muddy recovered only a slight scum of oil. This well was temporarily 
abandoned. 

In September, 1943, a rig was moved back to the Lakota discovery well, 
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Fic. 4. Preliminary seismic map of the Horse Creek field area. Contoured on the lower Cretaceous- 
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Fic. 5. East-west seismic dip section, AA’, across the Horse Creek structure. Vertical and horizontal 
scales are equal. Dashed line represents “Dakota” phantom horizon. 


No. 78-31-G, to deepen this well and test the deeper production possibilities in 
the field. This well was deepened to 7,457 ft into the Pennsylvanian-Casper for- 
mation without encountering any oil saturation below the Lakota and was then 
plugged back and recompleted in the Lakota. 

After completing these three wells, the outlook for the field was not too en- 
couraging. Only two horizons, the Lakota and Muddy sands, appeared produc- 
tive. The water cuts in the Lakota discovery well, No. 78-31-G, had increased to 
80 percent, and the Muddy discovery well, No. 74-6-P, was averaging only about 
15 bbl of oil per day. Also, the long and severe winters encountered at this 7,000 
ft elevation restricted operations considerably. General Petroleum Corpora- 
tion decided to suspend drilling operations pending further production tests 
and additional seismic work to detail and refine the structural picture. 


DETAIL SEISMIC SURVEYS 
The first of the detail seismic work, consisting of a few lines of continuous 
shooting across the apex of the structure, was done by Western Geophysical 
Company during May and June, 1944. The Independent Exploration Company 
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Fic. 6. Detail seismic map of the Horse Creek field area contoured on the “K” horizon (250 ft 
above Muddy). Contour interval is 500 ft. Shotpoint locations of different seismic surveys are shown 


by the various symbols. 


then did some continuous seismic work on the north portion of the structure dur- 
ing September-December, 1945. A map compiling the detail and previous pre- 
liminary seismic work on the main portion of the structure was prepared in Sep- 
tember, 1946, by Mr. A. F. Barrett and Mr. W. H. Hohag, Jr., both of General 
Petroleum Corporation, and it is shown in Figure 6. This map is contoured on 
the “K” horizon (250 ft above the Muddy) at an interval of 500 ft. Shotpoint 
locations of the different seismic surveys are shown by the various symbols. The 
three wells completed at this time are also indicated. 

This map and several other interpretations of the data in this area, show 
faulting on the west flank of the structure. A throw of more than 1,000 ft is indi- 
cated in some interpretations. The presence of this fault is still debatable because 
the seismic data there is limited and of poor quality, and also because no wells 
have been drilled this far down on the west flank. 


FINAL DEVELOPMENTS 


Following this detailed seismic work and after some encouraging results were 
obtained in the extensive well work-overs and production tests, four additional 
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Fic. 7. Subsurface map of Horse Creek field based on well data. Contoured on top 
of Muddy sand at an interval of 500 ft. 


field wells were drilled in 1947, seven in 1948, thirteen in 1949, and five in 1951; 
all by the General Petroleum Corporation. A map showing the locations of all the 
wells drilled on the structure is shown in Figure 7. This map was prepared by 
Mr. K. A. Gorton of the General Petroleum Corporation during 1951 and repre- 
sents the structure on top of the Muddy sand based primarily on well data. The 
map is contoured at an interval of 500 ft. In all, General Petroleum drilled a total 
of 32 producing wells, all of which were ultimately produced from the Muddy 
sand. Two wells on the apex of the structure also produced from the Lakota sand, 
but the production from this sand was finally suspended and plugged off during 
1946 and 1947 because of extremely high water cuts. One dry hole was drilled 
by Fred M. Manning, Incorporated during 1949, in SE SW SE sec. 21, T. 17 N., 
R. 68 W on the northeasterly plunge of the structure. No additional drilling has 
been done in this field since 1951. 

Figure 8 presents an east-west electric log section across the apex of the 
structure. The location of this section is shown by line BB’ on Figure 7. The 
General Petroleum No. 78-31-G well, which was the discovery well and which 
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was the deepest test in the field is shown in the central portion of the section. This 
well was drilled to a total depth of 7,457 ft into the Pennsylvanian-Casper forma- 
tion. The approximate Tertiary-Cretaceous unconformity is shown in the upper 
portion of the section and the underlying structure is shown on various Cre- 
taceous horizons. 

Since January 1, 1953, the Horse Creek field has been included within the 
operational territory of the Mobil Producing Company, a sister company of the 
General Petroleum Corporation. In January, 1955, S. R. Faust of Mobil Produc- 
ing Company reviewed all of the previous seismic work, incorporated it with the 
data from the wells, and prepared the map shown in Figure 9. The map is con- 
toured on the Dakota horizon at an interval of 500 ft. This map indicates struc- 
tural closure of approximately 2,400 ft. 


PRODUCTION DATA 


The chart in Figure 10 summarizes the production and reservoir data for 
the Muddy zone, the primary producing zone at this field. The peak production 
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Fic. 8. East-west electric log section, BB’, across the Horse Creek field. 
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Fic. 9. Seismic map of Horse Creek field incorporating well data. Contoured on Dakota horizon 
at an interval of 500 ft. Shotpoint locations of different seismic surveys are indicated by the various 


symbols. 


was obtained during the latter part of 1949, when the field was producing at an 
average rate of about 2,000 bbl of oil per day. Since then, the production has 
declined rather rapidly with the latest production rate being about 500 bbl 
of oil per day. Prior to 1949, the water rate in the field was negligible, but began 
to increase rapidly as edge wells on the east flank were drilled and produced. 
After abandoning two wells on the east flank in 1954, the water rate was reduced 
considerably. 

The Muddy sand reservoir is a tight sand, approximately 25 ft in thickness 
with an average porosity of 13.5 percent and an average permeability of less than 
one millidarcy. Production mainly depends on a natural fracture system which 
exists in the tight sand. 

Throughout the development and producing operations in this field, an ex- 
tensive well stimulation program has been conducted in an attempt to improve 
the productivity of the wells. Of the various procedures used, oil squeeze and 
chemical-oil squeeze treatments were the most successful. 

The oil squeeze treatments in 1948 produced remarkable results, increasing 
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Fic. 10. Production and reservoir data of the Muddy zone, Horse Creek field. 


the average daily production in several wells by about 140 percent. Beginning 
in 1956, chemical-oil squeeze treatments were performed on a group of wells and 
increased the average daily production in these wells by approximately 75 per- 
cent. The increase in field production shown in 1956 (Figure 10) was a result of 
these latter treatments. 

As of August 1, 1958, the total cumulative production from the Horse Creek 
field was 3,519,000 bbl oil of which 3,483,000 bbl were produced from the Muddy 
sand and 36,000 bbl were produced from the Lakota sand. The total ultimate 
recovery from the field is estimated to be about 4,250,000 bbl. 
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USE OF RECIPROCITY THEOREM FOR COMPUTATION OF 
LOW-FREQUENCY RADIATION PATTERNS* 


J. E. WHITET 


ABSTRACT 


Starting with a simple word statement of the reciprocity which exists between forces and dis- 
placements in a genera] elastic solid, it is shown that low-frequency radiation of shear and compres- 
sional waves from relatively complex sources can be obtained by solving relatively simple problems 
in static elasticity. Illustrative examples include radiation from radial and tangential pairs of forces 
acting on the wall of a cylinder, pressure in a finite cylinder, and a pair of radial forces in a hole in a 
plate. For the last case, measurements in a plexiglas plate compare favorably with computations. 


INTRODUCTION 


Various forms of symmetry or reciprocity between sources and resulting dis- 
turbances have long been recognized in electromagnetic fields, elasticity, and 
acoustics, and the intimate relationship between source strength and receiver 
sensitivity for a reversible transducer has been described. Hence, it is to be ex- 
pected that any attempt to compute the disturbance due to a particular source 
configuration should automatically raise the question, ‘‘Would it be easier to 
compute the behavior as a receiver and apply a reciprocity relation?” 

In connection with a field program aimed at systematically measuring the 
speeds of shear and compressional waves in near-surface earth layers, the writer 
became interested in the radiation of elastic waves due to localized forces on the 
interior of a cylindrical borehole in an elastic solid. Since direct solution of the 
radiation problem seemed unattainable, attention was turned to the possibility 
of solving the problem in reverse, which would require then a reciprocity relation 
for elastic solids, explicit and quantitative. 

Primakoff and Foldy (1947) proved that for two transducers of the same type 
coupled to an inhomogeneous, bounded, acoustical (fluid) medium, a statement 
like the following holds: If a current into one transducer causes an open-circuit 
voltage at the terminals of a second transducer, then the same current into the 
second transducer will cause an identical open-circuit voltage at the first trans- 
ducer. To support the strong implication that this would apply also when the 
medium included elastic solids as well as gases or liquids, the rather extreme 
‘“‘medium” shown in Figure 1 was assembled. The first geophone is mounted on a 
pipe which rests on the bottom of a glass desiccator. The second geophone is 
attached to the glass with a chunk of modelling clay, below the water level. The 
top pair of traces shows the current into the first geophone and the voltage at 
the second; the bottom traces show the current in the second geophone and the 


* Manuscript received by the Editor January 7, 1960. 
+ Denver Research Center, The Ohio Oil Company, Littleton, Colorado. 
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voltage at the first. This is convincing evidence that the reciprocity relation 
makes no stringent demands on the nature of the elastic medium. If the two 
transducers referred to above are small, light geophones imbedded in an elastic 
solid, an interesting conclusion can be drawn. When a current is fed into such 
a geophone, it will exert a localized force in the solid. The second geophone will 
move with the solid surrounding it, and an open circuit voltage will appear at its 
terminals which is proportional to the local particle velocity. If the roles are re- 
versed, the force will be exerted at the second location and the velocity be sensed 
at the first. Hence, the above statement concerning transducers is entirely equiv- 
alent to a statement of reciprocity between force and particle velocity 

Morse and Feshbach (1953) discuss reciprocity conditions for elastic waves in 
an isotropic medium, but their notation is “‘compact,” to say the least, and the 
application of their expressions to a particular case would require some further 
manipulation. Knopoff and Gangi (1959) show that a reciprocal relation between 
a point force and particle displacement holds for a bounded, inhomogeneous, 
anisotropic, elastic solid. 


STATEMENT OF RECIPROCITY 


Although none of the above writers makes the statement in so many words; 
their proofs certainly justify the following: 
If, in a bounded, inhomogeneous, anisotropic, elastic medium, a transient force 
f(t) applied in some particular direction a at some point P creates at a second 
point Q a transient displacement whose component in some direction 6 is u(t), 
then the application of the same force f(t) at point Q in the direction 8 will cause 
a displacement at point P whose component in the direction a is u(t). 


Note that the statement applies to the whole disturbance, whether it be body 


waves, surface waves, or whatever. It is not restricted to ‘‘far-field” geometry. 
The usefulness of this reciprocity condition will be demonstrated in the sections 


which follow. 


METHOD OF APPLICATION 


In each example treated here, the elastic solid is taken to be homogeneous and 
isotropic. The forces making up the source are in a small region: that is, the transit 
time across this region is short compared with the time required for an appreci- 
able change in the transient disturbance; or, in steady-state terms, the dimen- 
sions of this region are small compared with the shortest wavelength of interest. 
Only the “far-field” radiation will be considered, that is, the particle displace- 
ment of the waves radiated into the interior of the solid. 

With the source at the origin of spherical coordinates, the displacement at a 
distant point can be specified by the three perpendicular components u,, #, and 
uy. More explicitly, the collection of point forces making up the source, all of 
time dependence f(/), will cause a radial displacement u,(¢) at the observation 
point. The reciprocity relation states that if a radially-oriented point force f(é) 
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now acts at the observation point, the summation of displacements at the source 
points in the directions of the original forces will exactly equal u,. The known 
solution for a point force, Love (1927), shows that the displacement at a point in 
line with the force is itself entirely in this direction also, the tangential com- 
ponents being zero, and it is recognized as a compressional wave. 
1 
i= -f(t—r/V.). (1) 
4rrpV 2° 
This compressional wave can be described in terms of normal stresses; the dis- 
placements at the source due to these stresses computed; and the sum of the ap- 
propriate displacement set equal to u,. In the far-field, plane wave relations apply 
approximately, and the normal stress in the direction of travel is, 
1 
N = ——/f'(t—1/V.). (2) 
4arrV. 

A similar line of reasoning applies to either tangential displacement, ug or ug. 
The displacement at a point at a distance r perpendicular to the direction of the 
force is entirely tangential, consisting of a shear wave with displacement in the 
direction of the force, 

1 
— f(t — r/V,). (3) 


4rrpV,? 


This shear wave is accompanied by tangential stresses, from which displacements 
at the source can be computed, the sum of which equals um (or ug). The tangential 
stress is given by 
1 
4arV, 


f(t —1/V,). 


LOCAL FORCES ON CYLINDER WALL 


The radiation patterns of many specific configurations can be obtained in very 


simple fashion by this procedure. For example, consider the angular dependence 
in a plane perpendicular to the cylinder of waves radiated by two oppositely- 
directed forces acting normal to the cylinder wall. The geometry is shown in 
Figure 2. By symmetry, there will be no shear wave with motion perpendicular 
to this plane. Hence, compressional waves and shear waves with motion in the 


plane will be considered. 

To develop the radial motion of the cylinder wall due to a plane compressional 
wave, use is made of the relations, White (1953), that for a normal stress R along 
the cylinder axis, /,/a= —oaR/Y, whereas for a normal stress S perpendicular to 
cylinder axis, /,/a=(1+2 cos 26)S/Y. In either case, a function representing 
translation or rotation of the whole body could be added to the expressions for 
radial displacement. A plane wave of normal stress N in the direction of travel is 
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Fic. 2. Shear and compressional displacements due to radial forces in cylinder. 


accompanied by a stress \Vo/(1—a) in each of the two perpendicular directions. 
The total radial displacement due to these stresses is, 
l, N 


(1 + 2 cos 26) + (1 — 2 cos 20) — 
a } 


L, A 8(1 — V./V.)V./V. 
E a - - - cos 26 |. (5) 
a 2V (3 — 4V.2/V2) 


To this should be added the particle displacement accompanying the compres- 


sional wave. For two points located as shown in Figure 2 this bodily displacement 
exactly cancels, whereas the radial displacements at @ and (9+ 180°) are seen to 
be equal. Hence, the desired sum of displacements equalling mu, is twice /,. 
Putting in the value of V from equation 2, 
a al Val¥./¥ 4 R 
|! - cos 20 | f’(t — r/V.). (6) 
4darpV 7V, (3 — 4V,?/V.’) 


u, 


This is the radial displacement at a distance r due to a pair of radial forces at 
the ends of a diameter of a cylinder. 

In computing the shear wave radiated by this pair of forces, use is made of 
the fact that a shear stress of magnitude T such as would accompany a shear 
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wave from direction 6 can be thought of as a normal stress of magnitude —T 
at (@+45°) plus one of magnitude +T at (@—45°). Hence the radial displacement 
due to the shear stress T is, 


T 
me [1 + 2 cos 2(@ + 45°) — 1 — 2 cos 2(@ — 45°) 


—4T | 
sin 26. 


Without repetition of the intermediate steps, the transient displacement in the 
shear wave due to two opposite forces is, 


a(1 — V,/V.) sin 20 


- f(t — r/V,). (8) 
rrpV (3 — 4V,?/V.?) 


ug = J 
This is the tangential displacement at a distance r from a pair of radial forces 
on the wall of a cylindrical cavity. 

The compressional and shear displacements are plotted in Figure 2, with 
V.2/V2 set equal to 3. Note that the compressional wave exhibits a “reverse 
break” phenomenon, that is, for a small angular range near 90°, the sign of the 
motion is opposite to the sign in the main lobes. 

Consider the application of two local forces applied at the ends of a diameter 
and acting tangentially to the wall, as shown in Figure 3. It will be sufficient to 


I80° 


Fic. 3. Shear and compressional displacements due to tangential forces in cylinder. 
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compute the tangential displacement J, due to the application of a normal stress 
S perpendicular to the cylinder axis. At the cylinder wall, Ngs=S[1—2 cos 26] 
and the other stresses are zero. Then 


06 a 


N S 
—- = — [1 — 2cos 26] = 
Y } 


1 dlp |, 


From previous results /,/a=(1+2 cos 20)S/Y. 


Sa 
l= f 7 [1 — 2 cos 26 — 1 — 2 cos 20|d@, 


le = — 2Sa sin 26/Y 


is the tangential displacement due to a single normal stress S, to which should 
be added any translation or rotation of the body as a whole. 

The disturbance from a radially-oriented point force carries a normal stress 
N oriented in the direction @ and a stress oV/(1—o) perpendicular to @ and to 
the cylinder axis, plus a similar stress parallel to the cylinder which contributes 
nothing to the tangential displacements. Hence, for the arriving wave, 


—2aNT . o R 1 
le = sin 26 + sin 2(0 a )| 
¥ (1 — a) 2; 


—2aN (1— 20) . —2aN sin 26 
ae sin 26 = —— . 
} (1 — a) pV2(1 + a) 


ly = (9) 


For two forces oriented as shown, corresponding tangential displacements add. 
Overall translation cancels, and there is no rotation. Hence the desired sum of 
displacements is twice /y. Again taking N from Equation 2, 


2a(1 — Vv; V2) sin 20 
u, = -f'(t—1/V.). (10) 
mrpV 3(3 — 4V,7/V 7) 


This is the radial displacement at a distance r from a pair of forces acting 
tangentially at the ends of a diameter of a cylinder. 

The radiation of shear waves can be obtained in a similar fashion. A shear 
wave from direction 6 can be characterized by a tangential stress T and a bodily 
rotation of magnitude 7/2u. The tangential displacement at the cylinder wall 
due to the shear stress T alone is obtained as the sum of displacements due to a 
normal stress of magnitude — T at (@+45°) and a normal stress of +7 at (@—45°). 

2Ta 4Ta 2Ta 


ly = —— [sin 2(0 + 45°) — sin 2(@ — 45°)] = cos 26 = cos 20. 
J Y pV2(1 + o) 


With addition of rotation term, 
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aT 4 
: + - cos 26 |. (11) 
zZpy .* (1 + o) 


Translation at the two points cancels, so the sum is twice /s above. Introducing 
T from equation 4, 


9 9 


a 8(1 — V./V-) 


: 1 + —___ 
4rrpV,3 (3 — 4V,?/V 7) 


Us = cos 20 | f’(t — r/V,). (12) 
This is the tangential displacement at a distance r from a pair of tangential forces 
on the wall of a cylindrical cavity. 

Shear and compressional displacements for a pair of tangential forces are 
plotted in Figure 3, again taking V,°/V.? to be }. Here the “reverse break” is 
quite pronounced, that is, for angles near 90°, the displacement is in the opposite 
direction from that which would be expected from the torque supplied by the 


pair of forces. 
RADIATION FROM FINITE CYLINDER 


The radiation of elastic waves due to the application of a transient pressure 
on the interior of a cylinder of finite length, which is of direct interest in seismic 
prospecting, was treated by Heelan (1953). Through a very complex derivation, 
he achieved results from which the expressions for long wavelengths and great 
distances from the source were extracted and discussed in detail. It is the purpose 
of this section to show that these expressions can be derived very simply by 
using the reciprocity relations. 

There is symmetry about the cylinder axis, so the angular dependence on ¢ is 
sought. Assume that the interior of the cylindrical length, L, is divided into M 
small equal areas with a point force acting in each, radially on the cylinder wall. 
The average radial displacement around such a cylindrical length due to a com- 
pressional wave from a direction ¢ has been derived, White (1953). 

aNfTo(1+ 0) + (1 — o — 2a’) sin’ ¢ 
Y (1 — a) 
The desired sum is simply M/,. Again using equation 2, 
aM o(1+.¢) + (1 — o — 2o?) sin’ o 


“ f(t —r/V.). 
4arV.Y (1 — oa) 


uy = 


For direct comparison with Heelan’s result, f/(wa?L/M) is defined as a pressure 
p, and identities among elastic constants are used, leading to exactly his equation, 


xa L 2V, cos ¢ 
iy == —{1— - *) p= V.). 
4aruV, V2 
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Arrival of an SV wave from a direction ¢@ produces an average radial displace- 
ment, 
l, = — T sin 2¢/n. 


Following the corresponding steps as for the compressional wave, Heelan’s result 
is again duplicated, 


ra*L 


Us sin 29 p’(t — r/V,). 


4aruV, 
This agreement with the low-frequency limit of Heelan’s more refined derivation 
gives confidence in the reasoning being followed here, and reference to Heelan’s 
article will emphasize the relative simplicity which has been achieved. 


HOLE IN PLATE 


It was felt that a direct comparison between calculation and experiment 
could be made most easily by means of two-dimensional seismic modelling. For 
this purpose, a crystal plug was mounted in a hole in a plastic plate so as to 
exert oppositely directed forces, as shown in Figure 4. 

In order to compute the radiated displacements by reciprocity, one needs the 
expression for a single point force acting in the plane of the plate. Toward this 
end, equations (1) and (3) for sinusoidal time dependence can be integrated to 
give the shear and compressional waves in an infinite solid radiated by forces 
distributed along a line and acting perpendicular to the line (for instance, Ray- 
leigh, 1894). As demonstrated by Oliver et al (1954), solutions in an infinite 
solid which have no component of motion along one axis are entirely equivalent 
to solutions for a plate, providing the speed of compressional waves in the plate, 
V,, is substituted for the speed of compressional waves in the solid, V-. 

Hence, for a point force Fe‘ in a plate, the displacement at a distant point in 


line with the force is entirely radial, expressed by 
bo So, FVarvV,> (e 
U pe?*! = =e 7? — ae, 
2rpV ,°V 2wr - 
The normal stress in the direction of propagation is, 


Ne?*! = 
2rvV/ V pV 2or 


—juwk/r (~ T 
e? 


ie oer | st 
yy, 4 


The displacement at a point on a line perpendicular to the force is entirely tan- 


gential, given by 


Ueciet FVavV, 
ge?” 
2rpV .?+/ 2wr 
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MEASURED AMPLITUDES: 
© COMPRESSION #® SHEAR 180° 


Fic. 4. Shear and compressional displacements due to radial forces on hole in plate. 


The tangential stress accompanying this displacement is, 


Deriving the expression for compressional waves radiated by a pair of forces 
in a hole in a plate parallels the treatment of such a pair of forces in an infinite 


cylinder. The compressional wave arriving at the hole carries a normal stress V 
in the direction of travel and oN at right angles. The resulting displacement of a 


point on the hole relative to its center is, 
aN 


l, = “ [1 + 2 cos 20+ a — 20 cos 261, 


aN tal 
: 1 -+ ~ cos 26 |, 
2pV,” A 


> 


o = [1 — 2(V,/V,)?]. 


where 


Again, the desired sum of displacements, corresponding to two points on opposite 
ends of a hole diameter, is twice /,. Hence the radial displacement due to a pair 


of oppositely directed forces in a hole in a plate is 
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aF / jw \'2 2(V./Vp)? 
Ue a > —— ( : : ) (1 +-——— mains cos 28) geht a’: 
2pV,2 \2arV, 1 — (V,/V;,)? 


In similar fashion, the tangential displacement is found to be 


aF jw \i? sin 26 
U ¢e7*! — ( > ) me - icon ew (t rlVs : 
pV. \2erV,/ [1 — (V./V>)?] 


It is to be noted that U, is a travelling compressional wave and Us a shear 
wave, each decreasing in amplitude as the square root of the distance. Each 
contains the term (jw)'/? which indicates that if the force is actually a transient 
pulse of a certain waveform, then the waveform of the displacement is different. 
However, the shear and compressional displacements have the same waveform, 
and hence their magnitudes can be compared. 

With a plug of Rochelle salt contacting a half-inch diameter hole at two points, 
waves radiated into a quarter-inch plate of plexiglas were detected by means of 
a phonograph pick-up. Observed waveforms, with a dominant frequency of 
about 9 kc, are shown in Figure 5. Measured peak-to-peak amplitudes divided 
by a maximum shear amplitude are compared with calculations in Figure 4. 
Normalized to its maximum amplitude, the tangential function is simply sin 26. 
Dividing the radial displacement by the maximum shear displacement gives the 
expression 


(V,/V>)"2[1 — (V./Vp)? + 2(V./Vp)? cos 26]/2, 


TANGENTIAL RADIAL 


Fic. 5. Waveforms due to radial forces on hole in plate. 
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which is plotted as the compressional curve, using the measured value 
V./V,=0.57 for the plate. Agreement is considered satisfactory, as indicated by 
dependence on angle and ratio of compressional to shear amplitudes. 
CONCLUSION 
The very general reciprocity between forces and displacements can be used 
to simplify drastically the computation of the radiation of shear and compres- 


sional waves from localized sources. 


LIST OF SYMBOLS 


a=radius of cylinder (or hole) 


= transient force 
= force amplitude at frequency w 
= displacement at hole or cylinder 
length of finite cylinder 
normal stress 
transient pressure 
spherical coordinates about source 
= normal stress 
shear stress 
= transient particle displacement 
displacement amplitude at w 
speed of compressional waves 
speed of compressional waves in plate 
speed of shear waves 
= Young’s modulus 
shear rigidity 
p= density 
o = Poisson’s ratio 
w=angular frequency 
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THE METHOD OF GENERALIZED REFLECTION AND 
TRANSMISSION COEFFICIENTS* 


T. W. SPENCERT 


ABSTRACT 


The objective of this work is to provide a method for predicting the surface response of a stratified 
half space to the radiation from a localized source when neither the assumptions of the plane wave theory 
nor the assumptions of the normal mode theory are valid. The earth model consists of a finite number 
of perfectly elastic, homogeneous, isotropic layers separated by interfaces which are plane and parallel 
to one another. 

The method leads to an infinite series for the Laplace transform of the response function (dis- 
placement, velocity, stress, etc.) in a multi-interface system. Each term in the series describes all the 
energy which traverses a particular generalized ray path between the source and the receiver. The 
specification of the mode of propagation across each stratum (either as an irrotational wave or as an 
equivoluminal wave) and of the sequence in which the strata are traversed serve to define a generalized 
ray path. A prescription is given for constructing the integral representation for the disturbance which 
has traversed such a path directly from the integral representation for the source radiation. The 
method therefore obviates the necessity for solving a tedious boundary value problem. The time 
function associated with each term can be obtained by using Cagniard’s method. 


THE BASIC IDEA ‘ 

Consider an elastic system which consists of two half spaces perfectly coupled 
together along a plane interface. Suppose that there is embedded in medium 1 a 
source of finite dimensions. If the source radiation is axially symmetric about 


some normal to the interface (say the z axis), then the energy which is reflected 


from and transmitted across the interface will also be axially symmetric about 
the z axis. 

Our first step is to find general expressions for the scalar and vector potentials 
in an axially symmetric system. We then use these general expressions to repre- 
sent the radiation field of the ‘‘most general” axially symmetric source. Using 
this source, we then solve the boundary value problem for a single interface be- 
tween two half spaces. The solution yields integral representations for the re- 
flected and transmitted waves. However, since both the reflected and trans- 
mitted waves are also axially symmetric about the z axis, the integral represen- 
tations which describe these waves must have the same form as the integral 
representations for the radiation field of the source. It is then shown that the 
integral representations for the reflected and transmitted waves can be obtained 
directly from the integral representation for the radiation field of the source by 
following a certain prescription. The prescription utilizes “generalized reflection 
and transmission coefficients.”’ These coefficients depend only on the velocities 
and densities in the two media adjacent to each interface. These quantities do 


* Presented at the 29th Annual Meeting of the Society, Los Angeles, November 10, 1959. Manu- 
script received by the Editor November 22, 1959. 
+ California Research Corporation, La Habra, California. 
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not depend on the location of the source, the geometry of the source, or the 
location at which the response is determined (i.e., the detector). 

Since we started with a perfectly general axially symmetric source, the pre- 
scription for constructing the integral representations for the reflected and trans- 
mitted waves is applicable to any type of axially symmetric source. 

The next step is to note that if a second interface is introduced in such a way 
that it is parallel to the first interface, then it too will see an axially symmetric 
field which is either the field produced by the energy transmitted across the first 
interface or the sum of the fields produced by the energy reflected from the first 
interface and the direct energy from the source. In either case, the ‘‘effective”’ 
source as far as the second interface is concerned is axially symmetric—hence, 
the integral representations for the energy reflected and transmitted at the second 
interface can be derived from the integral representation for the ‘‘effective source” 
by again using the prescription. It is now evident that in a multi-interface sys- 
tem in which the interfaces are plane and parallel, the integral representations 
for the energy which is reflected and transmitted at each interface can be ob- 
tained by repeated use of the prescription. 

In what follows, we go through the steps which lead to the prescription. 


MATHEMATICAL PRELIMINARIES 


Helmholtz’s theorem (H. B. Phillips, 1948) states that any continuously 
varying vector field can be expressed as the sum of an irrotational and a solenoidal 
vector field. The displacement field in an elastic medium can therefore be repre- 
sented in the form 


— —_ 


D=VO+VXA (1) 
— 
where ¢ is the scalar displacement potential and A is the vector displacement 
potential. 


The fractional change in volume of an elementary volume element is equal to 
> 


a 
the divergence of the vector displacement (V-D). Since V-(VXA)=0, the part 
of the displacement field which is derived from the vector potential must be 
associated with equivoluminal waves. Waves of this type cause a rotation of the 
elementary volume element which is not accompanied by a change in volume. 

The rotation of the elementary volume element is proportional to the curl of 

= 
the vector displacement (V XD). Since VX (V@) =0, the part of the displacement 
field which is derived from the scalar potential must be associated with irrota- 
tional waves. Waves of this type cause a change in volume which is not accom- 
panied by a change in orientation. 

In an unbounded, homogeneous, isotropic, perfectly elastic medium, these 
two wave types propagate independently of one another—that is, there is no 
transfer of energy from either wave type to the other. If the medium is bounded 
conversion can take place at the interfaces. The energy which is radiated away 
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from an interface after reflection or transmission cannot undergo further con- 
version unless it again interacts with the interface. If the energy is not radiated 
away from the interface (as in the case of interface waves), a continual inter- 
change of energy between the two wave types must occur. 

Throughout the subsequent discussion, we will restrict our attention to a 
geometry in which the vector displacement is axially symmetric about a vertical 
axis which is normal to the system of interfaces. In an axially symmetric geome- 
try, the angular component of displacement (Dg) vanishes, and neither the radial 
displacement (D,) nor the vertical displacement (D,) depends on the angular co- 
ordinate 6. Only the scalar potential and the 6 component of the vector potential 
(Ag) are required to determine the displacement field, and both are independent 
of 6. Equation 1 reduces to 

0 OAs 0d Lt @ 
D, = 0, D, = — , D, = — + (pAg). (2) 
Op Oz Oz p Op 
The scalar potential and the @ component of the vector potential are solutions 


of the equations 


‘ 1 a0 , ‘Ae 1 d¢Ae 
Vio =: ; V iAp saad - = ’ (3) 
V2 of? p” v7; ot? 
where 
oe" 2 o” 
v= + + — 


Op” p Op 02" 


V; is the velocity of the irrotational body wave, 2; is the velocity of the equi- 
voluminal body wave, and the subscript 7 refers to the ith stratum. 
The Laplace transform of ,@(¢, p, z) is defined by the equation 


iO(S; p, Z) = f e—*! b(t; p, z)dt. (4) 

0 
The Fourier-Bessel transform of order p of (/; p, z) is defined by the equation 
P(t; q, 2) -f p (tl; p, 2)Jp(pq)dp, (5) 


where J, is the Bessel function of the first kind of order p. 

Ordinary differential equations in z result from the successive application of 
the appropriate Fourier-Bessel and Laplace transforms to (3). The application 
of the Fourier-Bessel transform of order zero and the subsequent application of 
the Laplace transform to the equation for @ yield 


d* :6(s; q, 2) 


s* 
areas (<? $ 5 ) (5; g,2) = 9. (6) 
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Effectively, we have replaced the differential operators with respect to p and ¢ 
by the algebraic quantities g and s. An equation in ;A¢(s; g, 2) which is in every 
respect identical to (6) except for the replacement of V; by 2; can be obtained 
from the equation for ;Ag by the successive application of the Fourier-Bessel 
transform of order one and the Laplace transform. The general solutions for the 
transformed functions are 


as - 2, 27 .2\1/2. . 24 217 2)1/2, ws 
O(s; 9,2) = E,(s, ghee" t# Vi * + Fis, ghee te Vids, (7) 

. 2, .2/,.2)1/2, S31. 8cat §. F 
s:Ao(s;g,2) = Gi(s, g)e~% ** *+ His, qe“ Shs, (8) 
The application of the appropriate Fourier-Bessel inversion formulas* to (7) 


and (8) yields 


iP(S; p, 2) f gEi(s, q)Jo(gp)e"**7dg + [ gF i(s, g)Jo(gp)e***dq, (9) 


;Ao(s; p, z) -f gG;(s, g)Ji(gp)e Bizdg +f gH (s, q)J1(gp)e***dq, (10) 


where a;=(g?+s?/V,")'? and 8;=(¢?+s?/v,*)'*. Equations 9 and 10 are com- 
pletely general expressions for the potentials in an axially symmetric system. 

The functions E;, F;, G;, and H; depend not only on the Laplace transform 
variable (s) and the integration variable but also on the parameters which specify 
the source geometry (radius, height, etc.), on quantities which specify the posi- 
tion of the source relative to the origin (p=z=0), and on the type of coupling 
existing between the source and the medium. Consider a perfectly general axially 
symmetric source having a finite vertical extension e (along the z axis). Let h& be 
the minimum vertical distance between the plane z=0 and the surface of the 
source (see Figure 1). The medium in which the source is embedded will be 
designated as medium 1. If medium 1 is unbounded, the response at sufficiently 
large distances in both the positive and negative z directions must become 
vanishingly small due to geometrical spreading. This implies that in region 1 only 
the second integral in equations (9) and (10) is a permissible solution. The first 
integral in equations (9) and (10) contains either the factor e~*” or the factor e~* 
(the subscript one is used because (9) and (10) determine the radiation field in 
medium 1). Both of these factors are unbounded as z approaches minus infinity if 
the cuts in the plane of the integration variable, g, are made in such a way that 
the real parts of a; and #; are positive on the positive real g axis. We conclude that 
in region 1, the functions £,; and G; must vanish. In like manner, it can be 
shown that in region 3 only the first integral in equations (9) and (10) is a per- 
missible solution. In region 2, both integrals are permissible solutions. 

It will prove convenient to write the functions Ff; and H, in the form: 


* The function ;@(s; p, z) is given in terms of its Fourier-Bessel transform by the equation 


oa 


G(s; p, 2) = f qiP(s; q, 2) IJ p(qp)dq 
0 
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REGION 3: Z>h+e | 


SOURCE 





REGION 2: h<Z<h+e 


REGION I: Z<h 





MEDIUM I: Vipwy, oy 


INTERFACE: Z=0 


pe 





MEDIUM 2: Var¥oe o 


| 
| 
| 
| 
t 
| 
| 
| 
| 


Fic. 1. The radiation field of a localized source can be divided into three regions. In regions 1 and 3 
the amplitude of the response must go to zero as | Z| goes to infinity. It is this fact which dictates 
which of the terms in equations (9) and (10) must be used to describe the radiation field in each of the 


three regions. 


F\=F'e*", H,=H'e*. The Laplace transform for the potentials in region 1 


can then be written in the form 


waves Oye) f gF'(s, g)Jo(qp)e-™ "da, 2<h, (11) 
source o(S; p, 2 / gH’ (s, g)Ji(qp)e dq, o<h. (12) 


In the absence of the interface, the properties of the radiation field at every point 
in the region below the source (2 </) can be derived from (11) and (12). 

In the subsequent discussion, we will focus attention on the vertical com- 
ponent of the particle velocity (we could just as well have chosen the rotation, 
dilatation, or a stress component). The Laplace transform of the vertical com- 
ponent of displacement can be obtained by applying (2) to (11) and (12). The 
Laplace transform of the vertical component of the particle velocity is then ob- 
tained by attaching a multiplicative factor, s, to the result. Next we introduce 
the transformation g=su. If we regard s as a positive real variable, this trans- 
formation amounts to nothing more than a change of scale. The Laplace trans- 
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form of the vertical component of the particle velocity in region 1 can, as a 
result of this sequence of operations, be written as follows: 


souncstal S504 .8) -f uJ (sup) F''(s, ue?) du 
0 
(13) 


+f uJ (sup) H''(s, ue) du, 8, 
0 


> 


where F’’=s'a,F’, H’’=s‘uH’, a,=(14?+1/V,2)"”, and b; = (u?+1/0,?)'/*. The first 
term is derived from the scalar potential—hence, it describes the motion pro- 
duced by irrotational waves. The second term is derived from the vector potential 
—hence, it describes the motion produced by equivoluminal waves. 

The procedure for solving the boundary value problem for a single plane inter- 
face is well known and will not be carried out here. We assume that the interface 
is coincident with the plane z=0 and that the stress and displacement com- 
ponents are continuous at the interface (perfect coupling). The medium below 
the interface will be designated as medium 2. The radiation field of the source is 
given by (11) and (12). The transform of the total response in medium 1 is 
given by 


P, Si 


x ~~ 
10.(S; p, 2) = f uJ o(sup)F’'(s, uje*a du +f uJ o(sup)H''(s, uje* 2-9 dy 
0 0 


—sa;(h+2) 


= a 
ww 2 
+f uJ o(sup)F (s, u)Rp,p,(uye du 
0 


PS 


—s(ayh+b 12) 


2) 
+f uJ o(sup)F (s, u)Rp,s,(uye du 
0 
SiS) 
2 
P ”t 2 —sb; (h+z 
f uJ o(sup)H (s, u)Rs,s,(uye du 

0 


SP 


—s (bjh+a,z) 


% 
it, 2 
+f uJ o(sup)H (s, u)Rs,p,(uje du. 
0 
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The response in medium 2 is given by 
PP» 


—s (aj;h—agz) 


4) 
- 7 7 
202(S; p, 2) -f uJ o(sup)F (s, u)T p,p,(uye du 
0 


P,S2 
. P Jt z —s (ayh—boz) 
+f uJ (sup)F (s, u)T p,s,(uye du 
5152 


ji ” nt —s (bj h—be 
+f uJ o(sup)H (s, u)Ts,s,(uye 
) 


( 


Si P2 


: ” z —2#(bjh—agz) 
+f uJ o(sup)H (s, u)Ts,p,(uye du. 
0 


The functions R>,p,(u), Rp,s,(u), R&,s,(u), and Rg,p,(u) will be referred to as 
generalized reflection coefficients. The explicit form for these functions is given 
below: 

2 z p z z : . 
Rp, p, = O; D,, Rp,s, = <- uO» D,, Rs,s, = R; D,, Rs,p,; - 25.02 Di; (16) 


where 


1 2 


By\?— BB: 
) ane romps (a,bo ~ ab), 


2 1 *Na* 
V1 42 


B, By? 3,2 
= u(w + - + :) + u?a1b;d2b, <7 ab, (w + :) 


(1 — a202?/o10,*)), 
2) (ao02" o 103") ((ao09? 011") ~~ jy S 


B, B.\? B\? 
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The quantities o; and o2 are the densities in media 1 and 2 respectively. 
The functions T>,p,(u), Tp,s,(u), Ts,p,(u), and T%,s,(u) will be referred to as 


generalized transmission coefficients. These functions have the form: 


Tp,p, = 6203/D1, T?,s, = 4 Os/Ds, Ts,p, = 02b:R3/D1, Ts,s, = b1Ri/Dy; (21) 


where 


R, 


Note that the subscript 1 refers to the medium which is traversed by the 
waves just prior to impinging upon the interface. The generalized reflection and 
transmission coefficients are functions of the integration variable u, the density 
ratio o2/o;, and the irrotational and equivoluminal velocities in the two media 
adjacent to the interface. It is also important to note that these coefficients 
contain none of the geometry of the problem. They do not depend on the co- 
ordinates which specify the position of the source or detector or the geometrical 
parameters which are required to specify the source shape. The reason for the 
appellation ‘‘generalized reflection and transmission coefficients” will become 
more apparent as we proceed. 

THE PRESCRIPTION 

From a study of the structure of the integrands in equations (14) and (15), it is 
possible to write down a prescription which permits the construction of integral 
representations for the reflected and transmitted waves directly from the integral 
representation for the radiation field of the source. Since we have not restricted 
ourselves to a particular source geometry (spherical, vertical line segment, plane, 
etc.) the results so obtained are applicable to any radiation field which is axially 


symmetric about a normal to the interface. 
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Consider first the response in medium 1 (equation 14). The radiation field of 
the source is described by the first two terms. The remaining terms describe the 
radiation field associated with the reflected energy (i.e., if the interface were 
absent, these terms would be absent). The third and sixth terms are derived 
from the scalar potential—hence, they describe the irrotational component of 
motion in the reflected field. The third term would be absent if the source radia- 
tion consisted entirely of equivoluminal waves (for then F’’ would be identically 
zero). We conclude that the third term describes the irrotational component of 
motion produced by incident irrotational waves which are reflected as irrotational 
waves. The sixth term describes the irrotational component of motion produced 
by incident equivoluminal waves which are converted upon reflection to irrota- 
tional waves. The fourth and fifth terms are derived from the vector potential— 
hence, they describe the equivoluminal component of motion in the reflected 
field. The fourth term describes’ the equivoluminal component of motion pro- 
duced by incident irrotational waves which are converted upon reflection to equi- 
voluminal waves. The fifth term describes the equivoluminal component of mo- 
tion produced by incident equivoluminal waves which are reflected as equi- 
voluminal waves. 

Clearly we need a short-hand notation for the individual terms in equations 
(14) and (15). For this reason, we introduce the concept of a generalized ray path. 
To define a generalized ray path in a multi-inlerface system, we must specify the 
mode of propagation across the region between each pair of adjacent interfaces 
(either as irrotational waves or as equivoluminal waves) and the sequence in which 
the strata are traversed. With this definition in mind, we label the first term in 
(14) P;. This label indicates that the first term describes the response produced by 
the energy which traverses the region between the plane z=/ and the detector 
in the form of irrotational waves. Similarly, we label the sixth term S,P;. This 
label indicates that the sixth term describes the response produced by energy 
which traverses the region between the plane z= and the interface in the form 
of equivoluminal waves, which is converted to waves of irrotational type upon 
reflection, and subsequently traverses the region between the interface and the 
detector in the form of irrotational waves. Clearly each term in equation 14 de- 
scribes all the energy which traverses the generalized path indicated by the label. 
For example, 5;P; describes all the energy which is incident in the form of equi- 
voluminal waves which is subsequently radiated away from the interface in the 
form of irrotational waves. This includes not only the reflected body wave which 
follows the least time reflection path and the head waves which travel along the 
interface with the speeds of irrotational and equivoluminal waves in medium 2, 
but also waves which follow non-least-time paths. The only requirement for a 
wave to fall into the category S,P; is that it be incident as an equivoluminal 


wave and subsequently be reflected as an irrotational wave. If this condition is 
satisfied by a wave, then its effect is included in the term 5S;P; and the actual 


path of propagation is immaterial. 
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The physical significance of each of the terms which determine the response 
in medium 2 can be ascertained in a like manner from the steps leading to equa- 
tion (15). The second and third terms are derived from the vector potential— 
hence, they describe the equivoluminal component of motion in medium 2. The 
second term would be absent if the incident radiation consisted entirely of equi- 
voluminal waves. Therefore, the second term describes the effect produced by 
incident irrotational waves which are transmitted as equivoluminal waves. The 
third term describes the effect produced by equivoluminal waves which are trans- 
mitted as equivoluminal waves. The first and fourth terms are derived from the 
scalar potential—hence, they describe the irrotational component of motion in 
medium 2. The first term would be absent if the incident radiation consisted 
entirely of equivoluminal waves. Therefore, the first term describes the effect 
produced by incident irrotational waves which are transmitted as irrotational 
waves. The fourth term describes the effect produced by incident equivoluminal 
waves which are transmitted as irrotational waves. The labels above each term 
indicate the associated generalized ray path. 

Next consider the result of allowing z to approach zero through positive 
values in equation (14) and through negative values in equation (15). The re- 
sponse in medium 1 “at” the interface is given by 

P, Si 


a) x 
19.(5; p,o) = f uJ (sup) FF" (s, uje~*%"du + f uJ o(sup)H''(s, u)e~*\"du 
0 0 


P\P, 


x 
wv z —sayh 
+f uJ o(sup)F (s, u)Rp,p, (ue du 


PS; 
2 wr z sayh 
aa uJ o(sup)F (s, u)Rp,s,(uye du 
SS; 


x 
” z —sbyh 
+ [ uJ o(sup)H (s, u)Rs,s,(uje du 


v/ 0 


SiP; 
: ; 
” Zz —sbyh 
- f uJ o(sup)H (s, u)Rs,p,(ue du 
0 
The response ‘‘at”’ the interface in medium 2 is given by 


P,P» 


sayh 


0 2(S, p, 0) -f uJ o(sup)F’ (s, u)T p, po(uye du 
0 
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At the interface the term which describes the incident irrotational waves (P,) 
differs from the term which describes the incident irrotational waves which are 
reflected as irrotational waves (P,P;) by the factor Rp,p,(u). The important 
point is that at the interface the integrands in the expressions for P, and P,P, differ 
by a factor which does not in any way depend on the source position or source geome- 
try. Analogous remarks hold for the other terms in equations (26) and (27). This 
means that the terms which describe the reflected and transmitted waves can be 
constructed directly from the terms which describe the incident waves in a 
manner which is exactly analogous to that used in plane wave theory. It is for this 
reason that I have designated Rp,p,,---, Tp,p,,- ++, etc. as generalized re- 
flection and transmission coefficients. They are ‘‘generalized” because they do 
not depend on any of the factors required to specify the position or shape of the 
source—they are therefore independent of the radius of curvature of the incident 
wave-fronts at the points of intersection of these wave-fronts with the interface. 

It is important not to confuse the generalized coefficients with the plane wave 
coefficients. In plane wave theory, the expressions for the reflected and trans- 
mitted waves are obtained by multiplying the expression for the incident wave 
by the plane wave reflection and transmission coefficients. In curved wave-front 
theory, the generalized coefficients do not multiply the source term itself but 
multiply instead the integrand in the integral representation for the source term. 

It should be emphasized that the generalized reflection and transmission co- 
efficients which we have been considering apply only to the vertical component 
of the particle velocity (or displacement). Generalized reflection and transmission 
coefficients can also be found for the radial component of the particle velocity, 
the stress components, the dilatation, and the rotation. In each case, the quantity 
of interest (i.e., normal stress, dilatation, etc.) in the reflected and transmitted 
radiation can be derived from the integral representation for that quantity in the 
incident wave by using the generalized reflection and transmission coefficients 
appropriate for that quantity. 

It is interesting to note that the ordinary plane wave reflection and trans- 
mission coefficients for the vertical component of the particle velocity in an inci- 
dent irrotational wave result upon substituting —7 sin @/ V; for u in the expressions 
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for Rp,p,, R’,s,, Tp,p,, and T>,s,. The ordinary plane wave reflection and trans- 
mission coefficients for the vertical component of the particle velocity in an in- 
cident equivoluminal wave result upon substituting —i sin 6/2, for u in the ex- 
pressions for R&,s,, Rs,p,, Ts,s,, and T%,p,. In each case 6 is to be interpreted as 
the angle which the normal to the plane wave-front makes with the normal to 
the interface. 

The form of the generalized reflection and transmission coefficients depends 
only on the type of coupling which is assumed to exist at the interface. In de- 
riving the expressions given in equations (16) through (25) perfect coupling was 
assumed (i.e., no relative motion at the interface). For perfect coupling to exist, 
the normal and tangential components of both the stress and the displacement 
must be continuous at the interface. Different forms of the generalized reflection 
and transmission coefficients are obtained at the interface between a liquid and 
a solid (where the tangential displacement need not be continuous) and at a 
lubricated crack between two solids (where neither the tangential stress nor the 
tangential displacement need be continuous). 

We have seen that the response ‘“‘at” the interface can be constructed directly 
from the integral representation for the source radiation at the interface by using 
the generalized reflection and transmission coefficients in the same manner as 
the ordinary plane wave reflection and transmission coefficients. To obtain the 
response elsewhere (as given by equations (14) and (15)) we need a prescription 
for generating the exponentials. A study of equations (14) and (15) reveals that 
if the disturbance traverses the region between two planes separated by a dis- 
tance d as an irrotational wave, the integral representation for that disturbance 
contains the exponential e~*“(a=(u?+1/V?)"/*), where V is the speed of irrota- 
tional waves in the region bounded by the two planes. Similarly, if the dis- 
turbance traverses the same region as an equivoluminal wave the integral repre- 
sentation contains the exponential e~§%(b = (u?+1/v*)'/”), where v is the speed of 
equivoluminal waves in the region bounded by the two planes. This means that 
the proper form for the exponential can be determined directly from the speci- 
fication of the generalized path. For example, the label S,P; indicates that the 
associated term describes the total effect produced by all waves which traverse 
the region between the source (s=/) and the interface as equivoluminal waves, 
which are converted upon reflection to waves of irrotational type, and traverse 
the region between the interface and the detector as irrotational waves. The path 
between the source and the interface contributes the factor e~%"; the path 
between the interface and the detector contributes the factor e~**". 


SYSTEMS CONSISTING OF MORE THAN ONE INTERFACE 
In a multi-interface system the energy which is reflected and transmitted at 
each interface will be axially symmetric provided that the interfaces are plane 
and parallel and the source radiation is axially symmetric about a normal to the 
system of interfaces. It follows that the prescription can be used to construct 
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directly from the integral representation for the source integral representations 
for the waves which are reflected and transmitted at each interface. Repeated 
use of the prescription yields the integral representation for the disturbance 
which has traversed any generalized ray path. 

To illustrate the use of the prescription in a system consisting of two inter- 
faces, we construct the integral representation for P;P2S,. The upper interface 
coincides with the plane z=0 and the lower interface coincides with the plane 
3= —d (Figure 2). At a height # above the upper interface, we put a point source 
which radiates spherically symmetric irrotational waves. The integral representa- 
tion for the Laplace transform of the vertical component of the particle velocity 
in the radiation field of the point source can be written in the form (Dix, C. H., 
1954) 


x 
pare CL ae sa(s) f uJ o(sup)e*2- dy, s<h, (28) 
0 


k(s) is the Laplace transform of the function which describes the time varia- 
tion of the particle velocity in the direct wave. The label P;P2S:2 indicates that the 
incident irrotational waves are transmitted across the upper interface without 
change of type. The appropriate transmission coefficient is Tp,p,(u). At the lower 
interface the incident irrotational waves are converted to equivoluminal waves 
upon reflection. The appropriate reflection coefficient is Rp,s,(u). The disturbance 
traverses the region between the source and the upper interface as an irrotational 
wave, between the upper and lower interfaces as an irrotational wave, and be- 
tween the lower interface and the detector as an equivoluminal wave. The proper 
form of the exponential is e~**!e~*2e-*(4+)"2, Note that d+s is the distance be- 
tween the lower interface and the plane in which the detector is located (z is 
negative). The integral representation for P;P2S¢ is, 


x 
ae z —s (aj h+aqd+bo(d+z2)) ‘ 
sats) f uJ o(sup)T p,p,(u) Rp,s,(ue du. (29) 


To check this result let us take the integral representation for the transmitted 
field produced in medium 2 by the point source as a new source and solve the 
boundary value problem for a single interface at z= —d. The integral representa- 
tion for the transmitted field is, 


, j ‘ a ’ —s(aj;h—agz) 
sik(s) 4 uJ o(sup)T p,p,(uye du 
v0 


} 


x 
s(a;h 92 
+f uJ o(sup)T p,s,(uye due 
0 

For a point compressional source, this result can be obtained directly from (15) 
by setting F’’=sk(s) and H’’=0. The first term describes the irrotational com- 
ponent of motion; the second term describes the equivoluminal component of 
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motion. The complete expression for the radiation field produced by the reflec- 
tion of the direct waves (given by equation 30) at the lower interface is 


- : J zs . 2 —s(ayht+ag(2d+z 
0,(S;p, 3) = sk(s) ) uJ o(sup)T p,p,(u)Rp,p,(uje du 
\ U 
e (ayh d+bo(d 
os F z —s(ajyh+agd+b2(d+z)) 
+f uJ o(sup)T p, p,(u)Rp,s,(uye du 
0 
(31) 
* 
ill z —s(ajh+bed+ay(d+h)) 
+f uJ (sup) T p,s,(u) Rs, p,(uye du 
0 
30 
L— z —s(ajh+bo(2d+z)) { ad 
+ uJ o(sup)T p,s,(u) Rs,s,(uye du , ~€<s< 0. 
0 / 


The second term is identical with the result obtained using the prescription. It 
can be readily shown that the first, third, and fourth terms describe the velocity 
response produced by disturbances which have traversed the generalized ray 
paths Pi P2P2, P:S2P2, and P;S2S2 respectively. 

The use of the prescription in a system consisting of two or more enterfaces 
leads to an infinite series representation for the total response. Each term in the 
series is the Laplace transform of a time function which describes the particle 
velocity response produced by energy which has traversed a specific generalized 
ray path. Cagniard’s method can be used to derive the time function associated 
with each term if the functions which contain the information on the source 
geometry and position (i.e., the functions F’’(s, uw) and H’’(s, u), in equation 13) 
can be written in the form 


k 
>> mi(s)n(u)e**™, 
t=] 

Associated with each generalized ray path there is a least time path and an 
origin time before which there is no contribution to the total response. It follows 
that only a finite number of terms are required to describe the total response 
over a finite time interval. Application of Cagniard’s method yields integral ex- 
pressions for the time functions associated with each term. These integrals can 
be evaluated numerically on a high speed digital computer such as the 704. The 
cost of obtaining the response over the time interval of interest becomes pro- 
hibitive when the number of terms which contribute to the total response during 
that time interval is large. It is this fact which limits the usefulness of the 
method at the present time. 

Under certain conditions it may be possible to approximate the response as- 
sociated with energy transmission along a generalized ray path by the use of 
plane wave theory corrected for geometrical spreading. It can be shown (Spencer, 
T. W., 1956) that if the least time path associated with a particular generalized 
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ray path is a reflection path (not a refraction path) the exact response function 
can be expressed as the sum of a “‘plane wave” term and a “correction” term. 

Apart from the factor which takes into account the change in amplitude pro- 
duced by geometrical spreading, the plane wave term can be obtained directly 
from plane wave theory. The correction term contains those effects which are 
due to the finite curvature of the wave-front. The question naturally arises con- 
cerning the relative importance of these two terms. In the study of the irrotational 
part of the impulse response of a single interface excited by a spherically sym- 
metric irrotational wave diverging from a point source certain characteristics of 
the correction term have been noted which have a bearing on this problem. For 
example, if the angle of incidence of the wave which follows the least time reflec- 
tion path is held fixed, the Fourier spectrum of the correction term is displaced 
toward lower frequencies as the radius of curvature of the direct wave is increased. 
The time variation in the plane wave term does not depend on the radius of curva- 
ture—hence, the shape of the Fourier spectrum of the plane wave term is insensi- 
tive to changes in the radius of curvature. 

The amount by which a particular frequency component in the spectrum of 
the correction term is displaced is directly proportional to the change in the radius 
of curvature and to the frequency. This result is valid regardless of whether the 
least time path is a reflection path or a refraction path. If the least time path is 
a reflection path (i.e.—if the detector lies inside the critical angle) the Fourier 
amplitude spectrum of the correction term goes to zero as the frequency ap- 
proaches infinity. It follows that if the radius of curvature is large enough the 
correction term will contain very little energy in the pass band of the recording 
system relative to that of the plane wave term. The problem of what is large 
enough is under investigation. Whether or not it is practical to use the method 
of generalized reflection and transmission coefficients in a particular problem will 
depend on the number of terms required to predict those characteristics of the 
response which are not described by plane wave theory corrected for geometrical 


spreading. 
SUMMARY 


A mathematical symbolism is introduced which has the effect of transforming 
a two-dimensional problem into a one-dimensional one. This is accomplished by 
working with the Fourier-Bessel and Laplace transforms of the response function 
rather than with the response function itself. In effect these transformations re- 
duce the problem to that of finding the response of a layered half space to ver- 
tically traveling plane waves. To use the method all that is required is an integral 
representation for the Laplace transform of the axially symmetric radiation field 
of the source. The formal solution for the response associated with energy trans- 
mission along any generalized ray path can then be obtained directly from the 
integral representation for the source by using the generalized coefficients in 
place of the plane wave coefficients. The beauty of the method lies in the fact 
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that it is possible to go directly to the solution without first solving the boundary 


value problem. 
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SCATTERING OF ELASTIC WAVES BY SMALL 
INHOMOGENEITIES* 


JOHN W. MILESf 
ABSTRACT 


Rayleigh scattering theory is extended to determine the perturbation on an arbitrarily prescribed 
elastic wave field produced by small inhomogeneities in an otherwise homogeneous, isotropic medium. 
The general result is applied to the specific problems of the scattering of both plane P- and S-waves. 
It is found that a change in compressibility acts at a distance as a simple source and a change in 
density as a dipole, as in the acoustical problem, while a change in shear modulus contributes both 
simple-source and quadrapole fields. 


INTRODUCTION 


We consider here the scattering of elastic waves by small inhomogeneities in 
an isotropic medium (see (1) below for a more precise definition of small). The 
corresponding acoustical (longitudinal waves only) and optical (transverse waves 
only) problems were solved long ago by Rayleigh (see Theory of Sound, §§296 
and 375), while the mathematical framework for the solution of the elastic prob- 
lem goes back to Stokes (1849). Rayleigh (1871) pointed out that, on dimensional 
grounds, the scattered field at distances large compared with the wave length 
must be proportional to Vx’r~', where V denotes the volume of the small in- 
homogeneity, 7 the distance to the point of observation, and x the wave number 
(inversely proportional to the wave length). 

Rayleigh’s scattering law applies also to acoustical scattering by a small 
obstacle of infinite density and stiffness (e.g., a rigid, immobile sphere; see Theory 
of Sound, $334) and to elastic scattering by a rigid obstacle of finite density 
(Wolf, 1945). Elastic scattering by a rigid obstacle of infinite density appears to 
constitute a singular exception, however, in that the constraints required to fix 
the rigid body render the scattered field proportional to Axr~', where A denotes 
the area of the obstacle (Yamakawa, 1956; see also Knopoff, 1959). 

A second, general characteristic of Rayleigh scattering is that a deviation in 
compressibility acts as a simple source, yielding a spherically symmetric, scat- 
tered wave, whereas a deviation in density acts as a dipole, yielding a scattered 
wave proportional to the cosine of the angle between the direction of incidence 
(of a plane wave) and the direction of observation. We anticipate that P-wave 
scattering also will partake of these qualities and that, in addition, deviations in 
shear modulus will lead to a quadrapole radiation (in analogy with radiation 
from faults). 

FORMAL SOLUTION 

We consider an isotropic elastic medium that is homogeneous except in a 

small domain V, where it is slightly inhomogeneous Let Xo, wo and po denote the 


* Manuscript received by the Editor November 23, 1959. 
t University of California, Los Angeles, and Space Technology Laboratories, Inc. 


642 








SCATTERING OF ELASTIC WAVES 643 


Lamé constants and the density outside of V; then by slightly inhomogeneous, we 


mean that 


h=AotAy- ++, | A/do] K1,--- . (1) 

Similarly, letting q‘°(r) denote a displacement that satisfies the equations of 
motion for \=Xo, - - - , we may define the complete displacement as 

a(r) = g(r) tar), [a] K la, (2) 


where q‘” denotes the perturbation displacement excited by q‘” in consequence 
of the inhomogeneity in V. We shall assume that gq“, and therefore gq“ also, 
exhibits the harmonic time dependence exp (iwt) with the usual convention with 
respect to complex amplitudes. Given q™, we then seek gq". 

We first observe that the total force per unit volume is given by 


fi = pw'gi + o5;,;, (3) 


where pw’g; denotes the inertial force associated with the acceleration —w*q,; and 
Fig = Ogee + B(Qi.3 + Qi.i); (4) 
denotes the Cartesian stress tensor. Single subscripts denote components of a 
vector (e.g., g; is a Cartesian component of q), double subscripts components of 
the stress tensor and subscripts following a comma, differentiation with respect 
to the corresponding Cartesian coordinate; repeated subscripts imply summation 
according to the usua! convention, and 6,; is the Kronecker delta. We next ob- 
serve that, from the viewpoint of an observer outside of V, gq“ may be regarded 
as having been generated by the perturbation force obtained by replacing p, A 
and yp in (3) and (4) by py, A; and uw; accordingly, we may determine g(r) as a 
superposition of disturbances generated by the infinitesimal forces f(r’)dV(r’) 
integrated through V. 
rhe disturbance produced by a time-dependent force acting at a point in an 
elastic medium was determined originally by Stokes (1849; see also Love, 1944, 
§212 and Rayleigh, 1945, §378) and is given by 


a r 
torpow*q - w-o(r- )+ 0x vx o(s- ), 


a 
I 3 
G(t) F(t), (5a) 


in vector notation or 


F r r 
4mrpywg; = G (: _- -) — G)( 1 )| - | a(s _ -) | » (Sb) 
\ A : a 94) i JJ 


in tensor notation; here F denotes the force, r the distance from its point of appli- 
cation to the point of observation, and @ and £ the speeds of dilatational and 


shear waves—viz., 
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a? = (Xo + 2u0) ‘Pos 6? = Ko ‘Po- (6a, b) 


It then follows from the principle of superposition that we may calculate the dis- 
turbance produced by a distribution of force f(r, t) by evaluating G; according to 


i R\ dV(r’) 
att dea 2. ie 
5 a R 


R=|r-r| = [(x; — x,/)(x; — x,’)]"2. (8) 


where 


Introducing the time dependence exp (iw/), suppressing the explicit appearance 
of t, and abbreviating dV(r’) by dV’, we may replace (7) by 


dV’ 
G(r) -fff f(r’ )e~**a® > ; (9) 


Ka = W/Q. (10) 


where 


The volume integral in (9), and subsequently, is over V, and we may replace a 
by 6 as required. 
Substituting (3) in (9) with p=p, etc., integrating the term in o;;,; by parts, 
noting that 
= = — , (11) 
Ox; R Ox; R 
and invoking the fact (from the definition of V) that \; and yw; vanish on the sur- 


face bounding V, we obtain 


SS} In : (2)\$ av" ae 
G;) = piwqi + [Ardisgee + mi(gis + 9.0) —)t dV’ (12) 
. ' Ox; s R 


where «x denotes either ka or xg, and the argument of g; is r’. We remark that the 
substitution of (12) in (Sb) yields an exact but implicit result, which becomes ap- 
proximate but explicit if gq is approximated by gq“ in the determination of G. 
The superscript (1) on G; implies that its substitution in (5b) yields only g¢,“. 


FAR FIELD APPROXIMATION 
We now invoke the approximation 
kr > 1 > xr’, (13) 


thereby implying that the dimensions of V are small compared with the wave 
length and that the distance from V to the point of observation is large compared 
with the wave length. We then may approximate R by r in (12) and approximate 
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the derivatives with respect to x; according to (Note that r,;=.;/r are the direc- 


tion cosines of r and that r_j ;=1). 


a e ikR e ixr 
( )( ) => — ir; - (14) 
Ox; R f 


in virtue of xr>>1, while xr’<1 permits the approximation 


[ff oeracerar’ & a ff f oar’, (15) 


and similarly for the other terms in (12). These approximations lead to 


war 


GY) = —— | Pwq: — ix[Adisgee + alga + Gad |risf (16) 
r 


in place of (12), while substituting (16) in (5b) yields 


2 (1 2 € **a! ; 
4rpw gi = Ka rs) Pwr qj — ika|Aige.s + Milgjn + q ri x)} 
r 
2 € tagr 
+ Kz (6;; — rir ;)| Pig; — 1KgM (q54 + 4 rel, (17) 


where 


P,, Ai, M, = fff ours unar’, (18) 


and g; and its derivatives may be replaced by g; and its derivatives evaluated at 
the origin. Further investigation suggests that the approximations may be opti- 
mized by choosing the origin at the centroid of the distributions p;, \; and py 
(assuming that these distributions have a common centroid 

We specifically remark that the approximations (16) and (17) do not assume 
pi, 4; and uy; to be uniform throughout V; indeed, any attempt to invoke such 
an assumption would have rendered the analysis far more difficult in consequence 
of the implicit discontinuities (infinite gradients) at the boundaries of V. This 
statement notwithstanding, the final approximations are independent of the de- 
tails of the distributions, and we may (if convenient) take p;, \; and yu; to be uni- 


form in evaluating the integrals of (18). 
SCATTERING OF PLANE P-WAVE 
We consider the plane P-wave 


(0) TKN; 259 
go = ne (19) 


to be incident on V; n; are the components of the wave front normal, and the 
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amplitude of g is unity. Substituting (19) in (17) and noting that 


(0) (0) : (0) (0) “ 
gi = Ni, Qk,k = — Ka; Gig 93,1 = — 2ikanin; atr=0, (20) 


we obtain 


(0 2 é Ka? 1 
4npoQd = Ka r) J P\(n-r,) — [Ay + 2M,(n-r,)?] 
r } a’ f 
ae iia id 2M, 
+ kg [n — (n-r;)ri| P,- (22°F) |, (21) 
r ag 
where 
n-r; = n;r,; = cos 8, (22) 


r, being the unit radial vector and 6 the polar angle between r and n. If we also 
introduce the unit vector 6; (see Figure 1), we may rewrite (21) as 


(1) ee en" Ay + M, M, 
4npoQ ss = Ka rmn| — ( ) + P, cos 0 — —— cos 20 
a* 


r a? 


err - M, : 
+ Ks; 6,{ —P,sin@+ sin 26 }. (23) 
r a 
Generalizing Rayleigh’s observations for the acoustical problem (Theory of 
Sound, §296), we remark that the scattered wave of (23) comprises a simple 





Fic. 1. The Spherical Polar Coordinates for the Scattered Wave of Equation (23). 








SCATTERING OF ELASTIC WAVES 647 


source of strength proportional to A1+M,, a dipole of strength proportional to 
P;, and a quadrapole of strength proportional to M,. If n=O we must discard 
the S-wave terms in (23), which then reduces to Rayleigh’s result. 
SCATTERING OF A PLANE S-WAVE 
We may specify a plane S-wave by 


(0) — 1K BN 52; 
q: = mée A mn; = 0, (24) 


where m, are the direction cosines of the transverse displacement of unit ampli- 
tude. We then obtain 


(0) (0) (0) (0) a 
GQ =m, ae=OO, Qi5 +44 = — Kelman; + mmn,) atr=0, ( 


bdo 
un 
~~ 


and 


re ice. M, 
4rpog = Ka (m-ri)r1| Ps — — (n-nri) 
B 


r a 


2 é i f M, 
+ k3-—— 1 [m ae (m-r)r,| Pi - — (n-r1) 
r 


p* 
M, 
— [n _ (n-ri)ri| “ (mai) ¢ - (26) 
Introducing 6, and @, according to 
M:r; = COS On, n-r; = COS An, (27) 


and unit vectors 6,, and 6,, with 6, directed in an r;, n plane as in Figure 1 and 
similarly for 6, in an r;, m plane, we may transform (26) to 


r 


(1) a M, 
4rpoq = Ke -r,| P,; cos0, — = cos 6, cos 8, 
a 


2e€ sf J : M, F 
+ Kg 6,,| —Psin8,, + sin 6,, COS 6, 
r { B? 
M, os eer 
+ 6, —— COS Om SiN On? . (28) 
B f 


We again may interpret the scattered wave in terms of a dipole field proportional 
to P; and a quadrapole field proportional to M,. There is, however, no simple 
source field in consequence of the absence of dilation in the incident wave. If the 
medium is assumed to be incompressible we may discard the P-wave terms in 
(28), which then reduces to Rayleigh’s result (1871) for the optical problem (based 
on an elastic aether); see also Theory of Sound §375 for the special case of density 


variations only. 
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ON THE ELECTROMAGNETIC RESPONSE OF A CONDUCTING 
SPHERE TO A DIPOLE FIELD* 


JAMES R. WAIT? 


ABSTRACT 


The electromagnetic coupling between an electric and a magnetic dipole in the presence of a 
spherical ore body is discussed in the present paper. It is shown that both electric and magnetic modes 
must be considered even though all dimensions are small compared to the wave length. The results 
have application to a geophysical prospecting scheme where the exciting fields are set up by a straight 
insulating wire grounded at its end points and the secondary fields are detected by an ungrounded 
closed wire loop. 


INTRODUCTION 


Scattering of an electromagnetic wave by a spherical and homogeneous ob- 
stacle is a subject which has been investigated many times. The complete solu- 
tion for plane wave incidence was published by Debye and Mie over 50 years ago. 
Much of the more recent work has been concerned with the problem of finding 
alternate forms of the Debye-Mie solution which are more convergent for large 
spheres. An excellent account of this early work is given in a treatise by Stratton 
(1941). 

For most physical applications the assumption of plane wave incidence was 
satisfactory. In considering the diffraction of radio waves by the spherical bulge 
of the earth, G. N. Watson (1918) represented the transmitting antenna by a 
vertical electric dipole. The form of the solution obtained by Watson was a series 
of residues of poles in the complex plane highly convergent for large spheres. The 
accurate evaluation of the poles in the residue series was undertaken by Van der 
Pol and Bremmer (1937-39) who also made a large number of important theo- 
retical extensions. Marion C. Gray (1939) further extended the theory to the case 
of excitation by a vertical magnetic dipole. 

Solutions for the electromagnetic response of a sphere to a general dipolar 
field have only appeared in the literature quite recently (March 1953, Wait 1953). 
Some of this work has been motivated by application in geophysical prospecting 
for massive type ore bodies. As a rough approximation, the ore body is repre- 
sented by a homogeneous sphere of arbitrary conductivity and magnetic perme- 
ability. The exciting field is usually set up by a coil or wire loop carrying an alter- 
nating current at a frequency in the range 200 to 2000 cps—or thereabouts. The 
secondary field of the ore body is then detected by a receiving coil or loop which 
may be oriented in various manners in order to take advantage of local condi- 
tions. In some cases, one or both of the coils may be in a drill hole. With such 


* Manuscript received by the Editor January 17, 1960. 
+t Newmont Exploration Ltd., Danbury, Conn., present address; National Bureau of Standards, 
Boulder, Colorado. 
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schemes it is usually permissible to regard the transmitting loop as a magnetic 
dipole. Furthermore, all significant dimensions of the problem are small compared 
to the wave length in the medium external to the spherical ore body. The expected 
response as measured by the receiving loop may then be obtained by solving a 
boundary problem whose solution is facilitated since the external magnetic fields 
are derivable from a single scalar (magnetic) potential. This may be described as a 
quasi-static solution since solutions of the Helmholtz (wave) equation required 
for the interior of the sphere are matched to solutions of Laplace’s equation at 
the spherical boundary. This approach, of course, may also be used for other 
geometries such as for an oscillating magnetic dipole in the presence of horizontal 
slabs, conducting cylinders, or prolate and oblate spheroids. Unfortunately, a 
serious complication arises in the case of the spheroids (Wait, 1960). While the 
solution interior to the spheroid may be expanded in terms of radial and angular 
functions, in analogy to the Bessel and Legendre functions in spherical geometry, 
the boundary conditions couple all modes to one another. This coupling dis- 
appears when the spheroid is perfectly conducting, or at the other extreme when 
the wave length within the spheroid is very large. 

The significant point concerning these quasi-static solutions is that only the 
induced magnetic dipole and multipoles need be considered. Conversely, if the 
excitation was by an electric dipole and the resulting electric fields in the ex- 
ternal medium were of interest, it is only necessary to consider the induced 
electric dipole and multipoles. At least this is true in the quasi-static regime 
wherein the wave length external to the sphere is very large. Such a physical 
situation occurs in geophysical prospecting when the current is injected into the 
ground by an insulated wire which is grounded at its end points. The received 
field is measured by the voltage induced at the terminals of a similar wire also 


grounded at its end points. This is the basis of the so-called “resistivity method.” 
While, strictly speaking, it is only valid for direct current, the concept still holds 
for alternating current if the wave length in the external media (i.e. the ground 
or barren rock) is large compared to the maximum distances between the elec- 


trodes. 

The question now arises: what is the nature of the low frequency response of 
the sphere when the excitation is by an electric dipole and the resulting magnetic 
fields are measured? At first thought, one might expect only the induced electric 
dipoles and multipoles to be important since the conducting sphere primarily 
modifies the current flow in the medium. This answer, however, is inadequate 
as may be seen by taking the source to be the magnetic dipole and considering 
the resulting electric fields. Then one might think that only the induced mag- 
netic dipole or multipoles are important. To reconcile these two equivalent 
situations it is thus necessary to consider the possibility of both induced electric 
and magnetic type dipoles and multipoles. This is true even though the dimen- 
sions of the sphere and distances between the source dipole and observer are all 
small compared to the external wave length. For this situation one must abandon 





ELECTROMAGNETIC RESPONSE OF A CONDUCTING SPHERE 651 


the usual quasi-static solution and return to the general electromagnetic problem 


of a sphere in an arbitrary dipole field. 


THEORETICAL DEVELOPMENT 


The spherical body has a radius a and possesses homogeneous electric proper- 
ties denoted o, €, u. The medium external to the sphere is assumed to be infinite 
in extent and homogeneous with electric properties oo, €0, wo. For a conventional 
spherical polar co-ordinate system (r, 6, ¢) centered at the center of the sphere, 
the electric field components E,, Es, E, and the magnetic field components H,, He, 
H, may be expressed in terms of the two Hy scalar Debye functions denoted 
t', r as follows 


-(rr 5) 
Ordd 


—ipw O(rm') 
rsin@ d@ 
iuw O(rm') 


r 06 


0 
o+iw dO 
; (rm*) 
rsin@ dd 


—(o + iew) 


) (rm) 
or 


(rx) 
oroe 


1 0?(rm?) 
rsin@ drdd 


The superscript 1 or 2 over the field components are to indicate that the 
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field component is derived from either 7! or x’, respectively. The first set is called 
H or magnetic modes and the second set is called & or electric modes. The func- 


tions ' and z” satisfy the scalar wave equation 
2 2 wl ‘ 
(Vv +2&),2=0, where k 


Solutions are of the formT 
J n(kr) cos m@ 
P,, (cos 8) 
H,,(kr) sin md, 


where 


™ mkor\}!?. 
J kr) = ) J n+ij2(kr) (3a) 


? 


a kor a2 ts) 
H,,(kr) ( : ) Hy+1/2(kr) (3b) 


in terms of the usual cylindrical Bessel functions Jn41;2 and Hi?) ,/.. Pm (cos 6) is 
the associated Legendre Polynomial. 

The source is now taken to be an electric dipole located at r=6 on the polar 
axis or at (0, 0, 6) in terms of a Cartesian co-ordinate system. Without loss of 
generality the dipole is contained in the plane ¢=0 or the x—z plane. With such 
an arrangement the primary field can be broken into two parts due to the x and 
z components of the dipole moments. These are denoted p, and p, respectively. 
In terms of the elemental length ds and the current J in the dipole 

P, = Ids siny 
and 

pz Ids cos y, 
where y is the angle which the dipole subtends with the z axis. The situation is 
illustrated in Figure 1. The primary field can then be derived from a Hertz 
vector II” which has only an x and a z component. 

Actually it is simpler to consider the response of the sphere to the two dipole 
components separately. These will be referred to as the tangential dipole (i.e. pz) 
and the radial dipole (i.e. p.). 

For the tangential dipole 

pz oe ikoR 


ll. = — + (4) 
4r R 


+ Of course, outside the sphere a, e, u and & in equations (1) to (3) are to be replaced by ap, €0, uo 


and ko, respectively 
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Fic. 1. Conducting sphere with electric dipole in its vicinity. 


where 


9 ig , 
ko €9 — Low? 


WwW; 


R = [b? + r? — 2br cos 6]'/2. 


Using the addition theorem (Watson, 1918) 


,—ikoR zy J,,(kor) 
Zz. d, P,,(cos 0) 
R ot 


rT 
where 


d, = — i(2n + 1)H,.(Rob) /Rob, 


it is then not difficult to show that the primary field may be derived from 
1 pzsing & J n(Ror) 


1 
Ty, > an P,,(cos 6) 


tor 1 r 
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2cosd & n(Ror 
ee es Infor) 53 (cos 6), 
4a r 


where 
(a 43 veqw) (2m et) a 
’ f,(kob) 
n(n + 1)Rob 


—(2n Bg 1) H,! (Rob) 
n(n + 1)b 


Bn 


The secondary field resulting from the presence of the sphere must be of the 
form 


1 A, kor) 1 


Da - P,(cos @) 


r 


pz sin @ 


pz Cos = 9 H,,(Ror) 1 
an — P,(cos 6), (8b) 
4 nat r 
; 2 ; Eee a 
where a,, and a, are undetermined coefficients. The field inside the sphere (r <a) 
has the form 


ena J (kr) 1 
P - > db P,(cos 6 


dor n=l r 


pz COS m : 9 J, (kr) “e 
‘= +k b,, P,,(cos 6). (9b) 


dr n=1 J 


. . ~ . ~~ . 9 
By matching tangential field components in the usual way, the coefficients a,"* 
9 . ° ac . 
and b)’* may be expressed in terms of the known coefficients a, and B,. In 
particular, 
(ka)J, (ka) (koa)J,, (koa) 


2 = a a 
J,(ka) J ,(koa) J ,(koa) 


(ka Wie (ka) (koa) A,’ (koa) H,,(koa ) 


ems — t—> 
J (ka) H,,(koa) 


(10a) 


(ao + teqw) (ka), (ka) (o + iew)(koa)J i (Roa) 
J ,(ka) J' (Roa) J n(Roa) 
(ao + ieqw) kal (ka) (o + iew)(koa)H, (koa) H,,(koa) 


J,(ka) H,,(koa) 


(10b) 
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In the case of the radial dipole, the primary field is readily derived from 
pz e ikoR 


Tye = ee 
i 4dr R 


which is equivalent to 7,=0 
2 p: = J ,(Ror) F 
a, = — 5 do Blot 


4b n=0 F 


for r<b. The secondary field is then easily shown to be derived from 


: © 
% < H,,(kor) 


- > en — — P,(cos 6), 


4b n=0 r 


vt > 


where 
an 
& = d,* oe: (14) 
Bn 
The ratio a2/8, is given above. 

Approximations are now made exploiting the fact that the sphere is elec- 
trically small (i.e. koa<<1) and other dimensions are also small compared to the 
external wave length (i.e. kor and kob<1). Using the small argument approxi- 
mations for Bessel functions it is not at all difficult to show that 


a 
-— p(n + 1) 4 
T,(a) J (Roa) 


a ee : 
" | ” (a) H,,( koa) 
Moa = + un 
T,(a@) 


(ao + teqw)a =— —(¢ot+iew(n+1)]. 
€n I ,(o J (Roa) 
d, ; Th (@) : H,,(Roa) 
(ao + t€9w)a =—— + (0 + 1ew)n 


n\Q@) 


’ (15b) 


where a= (ioyvw—euw*)'/*a. Since displacement currents may be safely neglected 
(i.e. c>ew) the arguments of the Bessel functions are v/1| a! , where | a| = (auw)!/? 
a. Furthermore, | ¢+iew| >>| oo+7i€ow| in most cases of practical interest, thus: 


J (Roa) 
‘ A,.(koa) 


(16a) 
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n( Rod) 


n+ 1 


(16b) 


n 


A, (Roa) 


where R, has been discussed on previous occasions (Wait 1953 and Ward 1959). 
(In the earlier notation R,=3(M,4+71N,.) 
Thus finally, for the magnetic modes, 


p ‘ ; 2n+1 1 
Ids siny sing a P,,(cos @) 


4a 


n(n + 1)b"t17"*! 


n=1 


and, for the electric modes, 


Ids sinycos¢@ ae 


1 
P,,(cos 6) 
or prt2ynt 1 


t 


An(ay + ieqw) ; 


Ids cosy 


oe 


a" +1 


1 


n+1 
— P,(cos 6). 


n 


1 


Air(ao + te) nay O™t?7"*! 


DISCUSSION OF RESULTS 


It is immediately evident that both electric and magnetic modes are excited. 
In fact, the terms corresponding to n= 1 are dipole modes whereas n= 2, 3, 4, - - - 
etc. are the multipole modes. In the special case of a purely radial dipole (¥=0), 
only a set of electric dipole and multipole modes are excited. 

The explicit expressions for the field components are easily obtained by carry- 
ing out the operations indicated in equation (1a) and (1b). One interesting feature 
of this general solution is that the electric dipole and multipole modes are not 
frequency dependent—at least to the approximation that the external wave 
length is large and the body is highly conducting. Furthermore, to this same 
approximation, the secondary field from these electric modes are in-phase with 
the exciting field. On the other hand, the magnetic dipole and multipole modes 
are quite frequency dependent since the quantity |@| may be either small or 
large compared to unity. The secondary response is also out of phase with the 
exciting field since R, is a generally complex number. In a practical geophysical 
scheme, it is often advantageous to measure the phase-quadrature component 
of the secondary field. In the present case this corresponds to the imaginary com- 
ponent of H’. Explicit expressions for: these quadrature magnetic field com- 


ponents are: 


2nt1_1 
os a P,,(cos @) 


LN ~ 


1 b n+lyn 


3Ids sin y sin @ 
4a 
3Ids sinysing 2 
dr 


im H, = . (18a) 


n 


+1 0 


a’ 1 
- P,,(cos 8), 
2 00 


Im Hy = hy (18b) 


ri 


(a + 1)b"t)r" 
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3ldssinycos@ 2 _ git! 1 
— - P,(cos @), (18c) 


Im H, = he = : : N, 
4 sin 0 oni (n + 1) tint? 


where JN, is defined above. It is noted that only the influence of the magnetic 
modes remain since the imaginary part of the field resulting from the electric 
modes is zero to within the same approximation. 

In order to illustrate more effectively the nature of the solution, it is also 
assumed that a’<rb. Thus, only the dipole terms (i.e. m=1) are important. The 
explicit expressions for the field components are then given by 


Idsa* b s 
| -( ) sin sin 6 sin 1k +0+01, (19a) 


4rb*r? r 
Idsa é 


4a(ao + 1€9)b*r? 


Tdsa* b , : R, J . 
( ) sin sin 6 cos —-+singsiny + 0], (19c) 
4b*r? r 2 


[0 — 2sinysin@cos¢@ + 4cosy cos | (19b) 


Idsa* 


[0 + sin ¥ cos 6 cos @ + 2 cos y sin 4], (19d) 


4a(ao + ieqw)b*r? 


Idsa*T/b\ . R, , : 
- sin y cos @ 7 sin cos@cos@ + 2sin@cosy |}, (19e) 


~ Abr? r 2 


Idsa* P 
Cy = [0 — sinysing — 0}. (19f) 


4a(ao + teqw)b*r? 


The factor in square brackets, in each expression, is written as the sum of three 
parts. The first of these is the influence of the induced magnetic dipole and is 
proportional to sin y. It thus reaches a maximum for a purely tangential dipole 
and vanishes for a purely radial dipole. The second and third parts in the square 
brackets are proportional to sin ¥ and cos y, respectively, and thus they can 
be identified with the electric dipoles induced in the x and z directions. 


ADDITIONAL NOTE 


It has been pointed out by Dr. A. A. Brant that in many practical applications, 
out-of-phase secondary fields arise from the electric modes. Ground conductivi- 
ties may range from 10~* to 10-? mhos per meter, the distances involved between 
current dipole and detector may be around 300 meters, and frequencies in use 
could be of the order of 100 cycles. Phase angles involved for the electric modes 
could thus be approximately 300/6 where 64 is the skin depth. In extreme cases, 
this could be as large as 90°. This fact should be kept in mind in the interpretation 
of field results. 








658 JAMES R. WAIT 


REFERENCES 

Gray, M. C., 1939, Diffraction and refraction of a horizontally polarized electromagnetic wave over a 
spherical earth: Phil. Mag., ser. 7, v. 27, p. 421-436. 

March, H. W., 1953, The field of a magnetic dipole in the presence of a conducting sphere: Geophysics, 
v. 16, p. 671-684. 

Stratton, J. A., 1941, Electromagnetic theory: McGraw-Hill Publishing Co., New York. 

Van der Pol, B., and Bremmer, H., 1937-39, The diffraction of electromagnetic waves from an elec- 
trical point source round a finitely conducting sphere, with applications to radiotelegraphy and 
the theory of the rainbow; the propagation of radio waves over a finitely conducting spherical 
earth: Phil. Mag.,s. 7, v. 24, p. 141-176, July, 1937; v. 24, p. 825-864, suppl., November, 1937; 
v. 25, p. 817-834. suppl., June, 1938, v. 27, p. 261-275, March, 1939. 

Wait, J. R., 1953, A conducting permeable sphere in the presence of a coil carrying an oscillating cur- 
rent: Can. Jour. Phys., v. 31, p. 670-679. 

Wait, J. R., 1960, Some solutions for electromagnetic problems involving spherical, cylindrical and 
spheroidal boundaries: J. Research, N. B. S., v. 64, p. 15-32. (A sequel is to be published by N. F. 
Ness.) 

Ward, S. H., 1959, Unique determination of conductivity, susceptibility, size and depth in multifre- 
quency electromagnetic exploration: Geophysics, v. 16, p. 531-546. 

Watson, G. N., 1918, The diffraction of radio waves by the earth: Proc. Roy. Soc. London, v. A95, p. 
83-99, October, 1918. 








GEOPHYSICS, VOL. XXV, NO. 3 (JUNE, 1960), PP. 659-682, 12 FIGS. 


SOUND SPEED AND ABSORPTION STUDIES OF MARINE 
SEDIMENTS BY A RESONANCE METHOD—PART II* 


GEORGE SHUMWAYT 


RELATION OF SOUND SPEED TO SEDIMENT PHYSICAL PROPERTIES 
Introduction 


The relationships between sound speed and the more important physical 
properties of unconsolidated sediments have become known in recent years 
largely as a result of the studies of Hamilton, 1956; Hamilton et al., 1956; Shum- 
way, 1956, 1958; Nafe and Drake, 1957; Sutton; Berckhemer and Nafe, 1957; 
and Laughton, 1954, 1957. The suite of samples used in this study is larger and 
more varied than the suites used in any of the earlier studies, and the measure- 
ments probably were more carefully taken. A large number of shelf and harbor 
sediments were used in addition to sediments from deeper water in the Pacific 
and Arctic Oceans. 

Porosity stands out as the most important single factor causing variations in 
compressional sound speed in unconsolidated sediments; this is because the dif- 
ference in compressibility between water and mineral grains is so great, and 
porosity is a measure of the relative amounts of fluid and solid present. Second 
in importance is the factor which produces a rigidity in the sediment; this appears 
to be related to the abundance of coarse grains. Pressure and temperature rank 
third and fourth, respectively. Next in importance is the compressibility of the 
grain aggregate, determined from compressibilities of individual minerals. Dif- 
ferences in densities of the mineral grains most abundantly found in sediments 
are small; hence the aggregate sample grain density changes little from sample 
to sample. The effect of grain density variations are not negligible, however. 
Grain shape and the spatial inter-relationship of grains are factors undoubtedly 
of importance, for they not only determine the characteristics of fluid flow past 
the grains, but also they determine (along with grain size) the extent to which 
a frame incompressibility and a rigidity develop between grains. Unfortunately, 
it is next to impossible to describe the spatial distribution of particles and the 
nature of the pore space between them for a given natural sediment. 

Considering the extremes of porosity (0.85-0.40), hydrostatic pressure 


(0-1100 bars), temperature (—2°C.—35°C.), and mineral composition (all quartz 


all kaoline-like clay) which nature might provide in the marine sediment en- 


* This paper is a portion of a doctoral dissertation with the same title submitted to the University 
of California at La Jolla (1958). Manuscript received by the Editor May 14, 1959. Part I of this 
paper was published in the preceding issue, v. 25, n. 2, p. 451-467. Contribution from the 
Scripps Institution of Oceanography, New Series. 

+ U.S. Navy Electronics Laboratory, San Diego, California 
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vironment, sound speed is affected by individual factors as follows: 


Factor Percent change in sound speed 
Porosity 16 
(Rigidity) (10-20) 
Pressure 11 
Temperature 7 
Grain aggregate compressibility 3 


Pressure and temperature effects 

Temperature and pressure changes occur in a sediment sample when it is 
brought from the sea floor to the laboratory. If the acoustic properties of sedi- 
ments in sifu on the sea floor are to be inferred from laboratory measurements, 
then it is necessary to appreciate the effects of these factors. With the knowledge 
at hand of how to relate laboratory measurements at atmospheric pressure and 
room temperature to probable in situ values, it becomes possible to understand 
the interrelationships of acoustic, sediment texture, and other physical properties 
of sediments in situ, on the basis of laboratory studies. 

The effects of hydrostatic pressure on the speed of sound in unconsolidated 
ocean sediments are considered by Laughton (1957). His results showed a com- 
pressional velocity increase of about three or four percent in going from one bar 
pressure to 390 bars; this change is about the same as for sea water alone. 

Pressure studies were not undertaken as part of this study because the com- 
pliant-walled resonant chamber is not adaptable to pressure work. The resonant 
chamber could be placed in a pressure vessel of larger volume, but a liquid such 
as water would be unsuitable as a pressure medium because the external walls 
of the resonant chamber must be unloaded; even gas, such as nitrogen, under 
pressures of a few hundred bars, is dense enough to complicate the system 
greatly. 

The effect of temperature on compressional speed is considerable, amounting 
to an increase of 10 percent to 15 percent in going from 0°C. to about 60°C. 
This is readily determined by using equations (1) or (2) with appropriate 
densities and compressibilities, and it has been verified experimentally by the 
writer (1958) for a number of typical sea floor sediments. 


Effects of other physical properties 

Introduction.—The interrelationships of wet density, porosity, and the more 
important textural properties of sediments have been discussed at some length 
by Hamilton et al. (1956), Hamilton and Menard (1956), Nafe and Drake (1957), 
Sutton, Berckhemer and Nafe (1957), and others; hence a general discussion is 
not called for here. The relationships between sound speed and those parameters 
which appear to be most important on the basis of the earlier work can be con- 
sidered immediately. 

Porosity.—Data for 110 samples are used to show the relationship of porosity 
to sound speed (Figure 1). The mean temperature at which these samples were 
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Fic. 1. Sound speed vs. porosity for unconsolidated marine sediments. 


measured was 22.79°C. and the standard deviation of temperatures from this 
mean was 2.064°C. Sound speed in sea water of 35°/o salinity at this temperature 
is 1.5293 km/sec (Del Grosso, 1952). More than a third of the sediment speed 
values lie below this water value. Measured speeds ranged from 1.484 km/sec to 
1.785 km/sec; measured porosities ranged from 0.357 to 0.856. It is evident that 


although sound speed increases as porosity decreases, the relationship is not 


linear. 
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Urick (1947) was one of the first to take experimental data on the relationship 
between sound velocity and porosity. He measured velocity in dilute suspensions 
of kaolin, by means of an interferometer, and found results which agreed well 
with predictions using the emulsion equation of Wood (equation 1). This equation 
predicts a parabolic curve with a minimum sound speed at a porosity of about 
0.8, this minimum speed being about three percent below the speed in water alone. 

The effect of porosity alone on sound speeds in sediments is given by equation 
(1), with all grains consisting of one mineral. Using quartz as the mineral, speeds 
range from 1.476 km/sec at a porosity of about 0.79 to a value 16 percent higher, 
1.71 km/sec at a porosity of about 0.35 (Figure 1). The speed variation is similar 
if typical minerals other than quartz are considered (Hamilton, 1956). 

The curve representing equation (1), with quartz as the mineral, lies sig- 
nificantly below the measured values of the sands, in the porosity range 0.35 to 
0.45, because rigidity has been neglected. The curve lies significantly below the 
measured values of the clays and finer silts, in the porosity range 0.65 to 0.85 
because here the sediment particles consist dominantly of clay minerals rather 
than quartz, and the compressibilities of clay minerals are appreciably smaller 
than the value for quartz. 

Mineral grain compressibilities.—The effects of mineral grain compressibility 
on sound speed are predicted by equation (1), if grain density is held constant. 
Using a grain density of 2.7 g/cm* for quartz, calcite, and ‘‘clay,” the following 
sound speeds are predicted by equation (1) for grains in sea water at 22.8°C: 


, sie Sound Speed, km/sec 
Compressibility oe 


Mineral i —————— ——__—_—__-——— 
— 0.70 porosity 0.40 porosity 

quartz 2.70X 10-12 1.476 1.639 

calcite 1.35X10- 1.486 1.677 


“clay” 1.0 X10" 1.488 1.687 


At 0.40 porosity the difference between the values for quartz and “‘clay”’ sedi- 
ments is about three percent, and at 0.70 porosity it is less than one percent. 

Rigidity and grain size——In the writer’s (1958) study on the effects of tem- 
perature on sound speed a small, but not negligible, rigidity had to be intro- 
duced to make the theoretical curves fall near the experimental data. The 
existence of this rigidity is acknowledged by a number of papers already men- 
tioned, but no attempt has been made to relate it to the textural properties of 
the sediment. In addition to rigidity, a frame bulk modulus is involved here. The 
two are difficult to separate in this case, and in the following discussion they are 
considered together under the name of rigidity. 

The rigidity of a given sediment increases as it consolidates, loses water, and 
develops intergranular cementation. These are the changes that take place as 
a sediment ages and becomes buried under younger materials. Laughton (1955, 
1957) made laboratory compaction studies of sediments and the changes in the 
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acoustic properties of the sediments as compaction proceeded. Consolidation 
effects are not considered in the present study. 

This study deals only with unconsolidated surface sediments—sediments 
which are compacted only to the extent that is natural as they accumulate at 
the surface of the sea floor and become buried by no more than about one meter 
of sediment. In these materials the rigidity modulus must be related to the 
textural properties of the sediment. 

For sediments in general it may be said that as median, mean or mode grain 
size diameter increases, porosity decreases. The suite of samples used in this 
study exhibit this relationship well. The relationship is approximately linear 
when grain size is measured in phi units. (Diameter in phi units equals —loger 
where r is diameter in mm.) The porosity-median diameter relationship has a 
positive correlation coefficient of 0.948. The porosity-mean diameter relationship 
(Figure 2) has a slightly higher positive correlation coefficient, 0.959. 

As a result of this marked correlation between porosity and central tendency, 
a distinctive relationship between sound speed and mean grain diameter is found 
(Figure 3). It may be said that, in general, the smaller the median or mean di- 
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Fic. 2. Mean diameter vs. porosity for unconsolidated marine sediments 
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ameter, the lower the sound speed. The relationship is more pronounced for 
mean than for median diameter. The relationship is not linear, for it is mainly 
due to the non-linear sound speed-porosity relationship. In addition to the 
porosity effect is the effect of the rigidity, which apparently increases as porosity 
decreases and grain size increases. 

The degree to which the distribution of grain sizes in a sediment is sorted 
can be expressed by phi deviation measure (Inman, 1952). The relationship be- 
tween this measure and grain size central tendency for the suite of sediments 
used in this study (Figure 4) is typical for sediments in general (e.g. Inman and 
Chamberlain, 1955). The sediments with poorest sorting are in the silt group. 
The sediments with best sortings are the sands. The number of clay samples is 
relatively small, but the few samples available suggest that the clay group of 
sea-floor sediments may be better sorted than the silts. 
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The general sediment contains both particles in suspension and particles in 
contract. Throughout the sediment isolated groups of particles-in-contact are 
found which give local regions where rigidity is important. The effective rigidity 
of the sediment, therefore, should be a function of the volume fraction occupied 
by these particles-in-contact and their enclosed interstices. In general it is the 
larger particles, i.e., the sands and coarser silt particles, which contact one 
another, while the finer particles, many of which are in the colloidal state, remain 
effectively in suspension. The volume fraction or weight fraction of coarse grains 
in the sample therefore might, in itself, be related to the rigidity. 

For the sediments involved in this study the volume fraction of the wet sedi- 
ment occupied by grains coarser than silt size, i.e. coarser than 0.0625 mm, was 
determined by multiplying the particle concentration, (1—7), by the weight 
fraction of grains coarser than this diameter, y, as given by the mechanical analy- 
sis. This assumes that there is little difference between weight fractions and vol- 
ume fractions for the grains alone. For the sediments involved this assumption 
is valid. A pronounced inverse relationship between porosity and the sand volume 
fraction is exhibited by the data (Figure 5). 

Assuming that the sediment volume fraction of sand grains is proportional 
to the rigidity modulus, equation (5) can be written in the form 


a: vs + b(1 os nv os 
D> feidei + Tate 


(/) 


we 


where 6 is a constant. This equation fits the experimental data considerably 
better than does equation (1), when a value of 0.8 is used for 6, appropriate 
mineral densities and compressibilities are used, and when y is given values of 
1.0 at n»=0.4, 0.3 at 7 =0.525, and zero at n=0.8 (Figure 1). 

Discussion.—Sutton et al. (1957) performed an elaborate statistical analysis 
on the data from 37 samples they studied. By use of the multiple linear regression 
statistics they developed an equation relating the dependent variable, sound 
velocity in km/sec (C,,), to the independent variables phi median diameter 
(Md;), percentage of material soluble in HCI (7), and porosity (m): 


Cus = 2.093 — (.0414 + .0060) Md, + (.00135 + .00038)y — (.44 + .15)m. (8) 


A multiple correlation coefficient of 0.90 was found for sound velocity in relation 
to the three independent variables. 

An analysis of this type must be viewed with caution. The interrelationships 
between the variables in a multiple linear regression equation should be linear, 
yet the ones used are not all linear. Although the analysis accounts for the inter- 
dependence of the variables involved, there is no assurance that the variables 
used are the significant ones. For instance, in the present study the good cor- 
relation between porosity and mean (or median) diameter (Figure 2), and be- 
tween porosity and sand content (Figure 5) result in a strong correlation between 
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Fic. 5. Sediment sand content vs. porosity. 


mean (or median) diameter and sand content. Thus, the median diameter effect 
implied by equation (8) may in truth be the rigidity effect related to the content 
of coarse grains and probably also other factors related to the content of coarse 
grains. 

In spite vf such objections, there may be some merit in determining a multiple 
linear regression equation; hence an analysis similar to that of Sutton et al., but 
not as comprehensive, was made using data from 108 samples of the present 
study. The independent variables used differed somewhat from those of Sutton 
et al. Sound speed in km/sec (C,,) again was taken as the dependent variable; 
independent variables consisted of porosity (y), phi mean diameter (M4), and phi 
deviation measure (a4). Statistical data are summarized in Table II. 

Phi mean diameter rather than phi median diameter was used because it cor- 
relates better with sound speed and with porosity. Phi median diameter, how- 
ever, correlates slightly better with phi deviation measure than does phi mean 
diameter. The resulting multiple linear regression equation is 


Cus = 1.5955 — 0.0287(Mo — My) — 0.3658(n — 4) + 0.0472(04 — gs), (9) 
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Cus = 1.87295 — 0.0287M4 — 0.3658 — 0.0472a,. (10) 


The multiple correlation coefficient, Re°wsnos, equals 0.959, which is higher than 
the value of 0.90 obtained by Sutton et al. The standard error of estimate, S,, 
equals (0.0007744)'? or 0.027828, which is lower than the value of 0.054772 ob- 
tained by Sutton et al. This means that the standard error for the prediction of 
sound speed by means of equation (10) is about 28 m/sec. 

The best expression relating sound speed to the more important independent 
variables is equation (7). The problem of relating the rigidity modulus (and frame 
incompressibility) to measurable sediment variables remains unsolved, however. 
In equation (7) it is assumed that the combined effect of these moduli is propor- 
tional to the content of sand in the sample. This simple assumption is merely a 
step in the right direction, for undoubtedly a number of factors are involved. 
The problem has been avoided in the development of existing published theories 
on sound propagation in composite media. The effect of frequency on sound speed 
(Laughton, 1957) is so small that it can be neglected for any practical application 


of equation (7). 
RELATION OF ABSORPTION TO SEDIMENT PHYSICAL PROPERTIES 


The relationship between absorption and porosity (Figure 6) exhibits an ab- 
sorption maximum for sediments of intermediate porosity; absorptions are high- 
est in the porosity range 0.45 to 0.60, where the dominant sediment type is coarse 
silt. The highest absorption measured was 25.1 db/m, and the lowest was 0.66 
db/m. In general, the lowest absorption values were found in those sediments 
which had the highest porosity, the clays and finer silts. Due to the high degree 


TABLE II 
Statistical Data 


Number of observations, V= 108 S designates a sum 


Sound Speed km/sec S(C)=172.317 : C= 1.595527 
Phi Median Diameter S(Md¢) =483 .28 Mdy=4.4748 
Phi Mean Diameter S(Mz4) = 515.51 Ms= . 17324 
Porosity S(n) =62.294 n=0.57680 
Phi Deviation Meas. S(og) =161.61 _og=1 .49639 
Standard deviations oc =0.098.5 omg=2.4446 
on=0.15028 Fog = 0.91823 oMdg = 2.2894 
Correlation coefficients 
'CMo>= —0.914 'Mon= +0.959 1Mag3 = —0.815 
r= —0.891 rugeg= +0.766 rMdgq= +0.948 
1Cog= —9.556 Tn04= +0. 803 1Mdg0y = +0.804 
Standard error of estimate S.= (0.0007744)/2=0 .027828 km/sec 
Multiple correlation coefficient Re Mgneg = 9.959 
S(C?) =275 .97712 S(a¢7) = 332.8909 S(Cog) =252 .44093 
S(Mdg?) = 2713 .9828 S(nog) =105.19227 S(Mdgn) =313.50702 
S(Mg4?) =3106.0714 S(Cn)= 97.71919  S(nMy)=335.39041 
S(n?)= 38.36993 S(CM 4) =799.57545 S(M gag) =975.0575 
S(Mdgo4) =905 .6357 
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of correlation between porosity and grain size central tendency, the relationship 
between median grain diameter and absorption also shows a maximum (Figure 7). 

In addition to the sediment data plotted on the absorption-porosity diagram 
(Figure 6), four absorption values for rocks of essentially zero porosity and a 
value for quartz have been plotted. These rock values were obtained from Ide’s 
(1937) measured the values of mechanical Q through the relation a= 2(A/Q) where 
a is sound absorption in nepers per unit length and J is the wave length. His 
measurements were made on rock cylinders 5.08 cm in diameter and 25.4 cm long 
driven as bar resonators, hence the fundamental resonances were in the audio 
range. For comparison with the resonant chamber measurements, his reported 
values were corrected to a frequency of 24 kc/sec by assuming a first power fre- 
quency dependence (Knopoff and MacDonald, 1958). Unfortunately, similar 
measurements have not been made for water-saturated sedimentary rocks, to fill 


in the gap between zero and 0.35 porosity values. 
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Fic. 6. Sound absorption vs. porosity for unconsolidated marine sediments. Numbered values 
at zero porosity are (1) Quincy granite, (2) quartzite sandstone, (3) French Creek norite, (4) Vinal 
Haven diabase, (5) quartz, of Ide (1937), corrected to a frequency of 24 kc/s. 
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Fig. 7. Sound absorption vs. median diameter for marine sediments. 
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Most absorption values lie within the two arbitrarily drawn dashed curves 
on Figure 6. At frequencies between 20 kc/sec and 40 kc/sec most natural sea 
floor sediments probably have absorption values within the limits defined by 
these curves. The curves have been drawn to include the porosity region below 
0.35, where lithified sediments rather than unconsolidated ones are found. For 
reasons that will be given below, it is suggested that this curve may predict the 
general range of values for these lithified sediments also. 

Particularly high absorption values were found for three Panama City sam- 
ples, PC1, PC2, and PC3, whereas normal values were found for the other 
samples from the same locality, PC5a, PC5b, PC5c. The three samples with high 
absorption contained numerous gas bubbles along the side of the container and 
contained many roots scattered throughout the sample. These roots were hollow 
and contained gas bubbles. When pieces of these roots were squeezed between 
the fingers visible bubbles were released. The samples with normally low ab- 
sorption values were samples from which these roots had been removed and from 
which had been removed any gas bubbles that would float to the surface as a 
result of agitation of the sediment under water. 

An explanation for the absorption maximum found for sediments of inter- 
mediate porosity and intermediate grain size can be found through consideration 
of ‘‘accoustically effective” surface areas of particle aggregates. Urick (1948) 
studied absorption in suspensions of irregular particles, and noted that theory 
would have this absorption be due primarily to viscous losses resulting from rela- 
tive motion of particles and fluid (equation 6). He found experimentally that for 
particles of a given size, absorption increases linearly as the volume concentration 
increases from zero to about 15 percent, but then drops off as concentration in- 
creases further, presumably as a result of particle interaction. Using particle con- 
centrations of one percent by volume, and making measurements in the mega- 
cycle range, he found that as particle diameter decreases linearly from 10 to 0.9 
microns, absorption increases linearly. According to theory (second term of 
equation 6) this linear relationship would fail to hold for smaller particles, Urick’s 
explanation being that very small particles undergo less motion relative to water 
than do somewhat larger particles. Urick comments: “Extremely small particles 
tend to move to and fro along with the liquid in the sound field... . : As the 


particle size increases the particles lag more and more behind the movement of 


the fluid; but at the same time the total surface area of particles decreases with 
increasing size if the volume concentration remains constant. These cpposing 
factors result in an absorption maximum.” Two important principles thus are 
suggested: (1) absorption is an additive process; (2) absorption depends on the 
total acoustically effective surface area of particles in suspension. 

In the lower porosity materials considered in the present study, namely sands 
and lithified sands, suspended particles are of negligible importance. Fluid exists 
in a framework of grains, and moves relative to this framework under sonic agi- 
tation, producing viscous losses. This absorption will depend on the acoustically 
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effective channel wall area and will be approximated closely by the total surface 
area of the particles. The acoustic surface area for a fluid-filled granular aggregate 
or a porous solid is here defined as the area of a flat plate lying parallel to the 
direciion of propagation which yields an energy loss due to viscosity equivalent 
to the viscous loss in the porous material. 

For any sediment the total acoustic surface area, A,, can be computed by 
dividing the sediment into size fractions, determining the number of particles in 
each fraction assuming spherical particles, determining the total particle surface 
area of each fraction, and then applying a correction factor for acoustically small 
particles based upon the second term of equation (6). 

For a volume, v, of wet sediment of porosity n consisting entirely of grains 
of radius 7;, the surface area, A, is 
(1—n)v4ar? 3(11—n)0 
ee SE en . (11) 


A; = sa —< 
(4/3)axr,3 1; 


The total grain volume is (1—7)v. If grains of a number of sizes are present 
rather than grains all of one size, and the volume fraction of grains of radius r; 
is represented by (1—n)vf;, then the total surface area for a sediment is 
= 3(1 = n) of 


A=) 


i=1 ‘; 


(12) 


After a grain size analysis has been done for a sediment, the surface area compu- 
tation can be done fairly easily. In the size analysis the sediment is divided into 
size fractions and the relative proportions by weight of these fractions are deter- 
mined. For various size fractions, weights and volumes will be proportional if all 
grains are of the same material; inasmuch as the densities of quartz, calcite, and 
“clay” are close to each other, the proportionality will be practically valid for 
sediments composed of any of these materials. Therefore the weight fractions 
determined in the size analyses may be used for the f; values. Values of r; are 
taken from the mean radii of the size fractions, which lie midway between the 
extreme radii of the fractions. Size fraction radii limits usually are taken at whole 
or half phi intervals, and mean values in millimeters rather than mean phi values 
should be used. 

For equation (12) to be useful for all sediments, factors F; must be introduced 
to give ‘‘effective” areas for the smaller particles. The equation, for acoustic sur- 
face area, A,, is 


n 3(1 — n)Fifw 
my i Boks 


i=] Tj 


(13) 


Values for the F; are determined in the following manner. The second term 
of equation (6) is used in the form which follows to determine the absorption per 
unit volume for suspensions of constant composition but of varying particle size: 
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4rr®n[ 2m /ps . S 
(= -1) ——__]. (14) 
3 r Pw + (ps/ Pw i e}" 


If, for acoustically large particles, absorption is directly related to surface area, 
then using equation (11) yields 


a= KA 


15 
K[3(1 — n)o/ri], — 


where K is an undetermined constant. For particles not large acoustically a 
factor F; would appear on the right side of (15). By dividing equation (14) by 
equation (15) with the F; factor introduced, the F; values are obtained with the 
expression 


(o — 11 + 1/r8) 
Als? +i(¢+ r)?| 


(16) 


where K’ is another undetermined constant. 

Actual values for the F; were found graphically. Equation (14) was plotted 
for quartz particles with a constant concentration of one percent, a frequency of 
30,000 c/sec, a wave length for sound of 5 cm, and a kinematic viscosity of 0.01 
cm?/sec (Figure 8). On the same graph, equation (14) is represented by the 
straight line which is asymptotic to equation (13) in the region of large particle 
diameters. For given values of particle diameter the ratio of the ordinates of 
these two curves provides the F;. The following values were obtained: 

Size range phi Vean diam. mm Sediment name F 

4-5 0.04688 Coarse silt 91 
5-6 023438 Medium silt .78 
6-7 .011718 Fine silt .67 

8 .005859 V. fine silt .33 
8-9 .0029297 Coarse clay .089 
9-10 0014648 Medium clay .0125 
10-11 0007324 Fine clay .00214 

Using the F; thus obtained, acoustic surface areas were computed for the 
sediments of this study (Table I). Surface areas computed in this manner for the 
finer sediments are considerably smaller than the values obtained without use of 
the correction factors. For silts and clays it is difficult to compute a surface area 
without these correction factors because a significant portion of the total area of 
such sediments is contributed by particles smaller in diameter than the limiting 
diameter of the usual grain size analysis. The total surface areas of some deep-sea 
sediments were measured by Kulp and Carr (1952) using a gas-absorption 
method. Their values ranged between about 5 and 50 m*/gm of dry sediment. 
Nelson and Hendricks (1943) and Diamond and Kinter (1958) measured by an 
absorption method the surface areas of some clay soils and obtained results of 
the same order of magnitude. In comparison, the acoustic areas computed in the 
present study have values of about 0.05 m*/gm of dry sediment. Thus total sur- 
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Fic. 8. Absorption per cm at 30 kc/s for a 1 percent by volume suspension of quartz particles 
in water as a function of grain diameter. The curve is a plot of equation (14). The straight line is 


asymptotic to the curve. 


face areas for silts and clays are about 100 to 1000 times larger than acoustic 
surface areas, at a frequency of 30 kc/sec. At lower frequencies the acoustic 
areas would be smaller still. 

The computed acoustic surface areas exhibit maxima for sediments of inter- 
mediate porosity (Figure 9) and intermediate grain size (Figure 10). These 
maxima, however, do not coincide exactly with the absorption maxima, but lie 
somewhat on the high-porosity, smaller-median-diameter side. Furthermore, the 
acoustic surface areas for the sands are smaller than for the clays and fine silts, 
yet sand absorption values are higher. These features suggest that absorption and 
acoustic surface area may be related through an additional factor, or factors, and 





SOUND SPEED AND ABSORPTION STUDIES 





6 
POROSITY 


1s. 9, Acoustic surface area of sediments vs. porosity, at 30 kc/s. 


WwW 
< 
ws 
Se 
a 
a< 
uw 
Yo 
po 
5a 
o2 
on 
ty 
ra 
UF 
ry 
=O 
WwW 
av 
° 
uw 
= 
n< 
-2 
za 
wu 
2< 
ow 
wa 
n< 








] 1 - 50° 
© 

° $ = 
IN3JWIG3S LIM gWo4W ‘INSWIG3S JO Wayv 30V4SNNS JILSNODV 








2 3 
M/CM 


WET SEDIMENT 


- 
= 
WJ - 
= 
(a) 
WJ 
” 
we 
12) 
< 
WwW 
8 
< 
Ww” 
1S) 
< 
w 
ax 
J 
”) 
: 
eK 
” 
> 
° 
UO 
< 


GEORGE SHUMWAY 





@ SEDIMENTS FOR WHICH ACOUSTIC SURFACE 
AREA EQUALS GEOMETRIC SURFACE AREA 


J | ! i =o i i 











.002 004 008 O16 O31 0625 jes .250 
(9) (8) (7) (6) (5) (4) (3) (2) 


SEDIMENT MEDIAN DIAMETER, MM, () 


Fic. 10. Acoustic surface area of sediments vs. median diameter, at 30 kc/s. 


that this factor may vary with porosity and grain size in a systematic manner. 
Let M be the factor relating absorption and acoustic surface area in the 


following manner: 
a= MA,. (17) 


Values of M were determined from measured absorption and computed acoustic 
surface area values (Figure 11). The M values increase in a regular manner as 
porosity decreases, and are frequency-dependent. 

The similarity of the M-porosity relationship, and the sand-content-porosity 
relationship (Figure 5) suggests a possible physical explanation for M. In dry 
crystalline rocks elastic wave energy absorption is considerably higher than it is 
in isolated crystals of the minerals involved (Ide, 1937; Birch and Bancroft, 
1938a, b; Birch et al., 1942). Crystalline rocks and lithified sedimentary rocks 
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have mechanical Q values of the order of 10° at atmospheric pressure, while 
isolated quartz crystals have yielded Q values as high as 10’ (Green, 1955). Ab- 
sorption in the rock materials is due mainly to processes at mineral grain bound- 
aries. By applying a pressure of about 4,000 bars to a rod of granite, Birch and 
Bancroft (1938b) increased the experimental Q from 180 to 1,200. In an uncon- 
solidated sediment containing grains in mutual contact similar inter-grain losses 
are to be expected, whereas such losses would almost be non-existent in a suspen- 
sion of colloidal clay particles. The total of inter-grain losses in a sediment should 
be approximately a function of the fractional volume of the sediment occupied 
by grains-in-contract, and this in turn is approximated by the content of coarse 
grains, y. Thus absorption values might be predicted by the expression 


a= aA, (18) 


where a is a frequency-dependent number. 

The M-porosity relationship is pronounced, and this adds considerable sup- 
port to the contention that acoustic losses in unconsolidated water-saturated 
sediments are due in large part to viscous losses occurring at grain boundaries, 
and in channels between grains. The factor M is important also, however, in 
determining the total absorption. Probably M is a more complicated function 
than that suggested by equations (17) and (18), and y gives only a rough 
measure of it. , 

ABSORPTION DEPENDENCE ON FREQUENCY 

A theory of absorption applicable to a general sediment containing both 
suspended particles and “‘particles-in-contact” probably does not exist. However, 
due to the additive nature of the absorption process, some general predictions 
about the dependence of absorption on frequency in a general sediment can be 
made by adding the effects due to particles in both conditions. 

Equation (14), derived for suspended particles assuming energy loss through 
viscosity, calls for a frequency dependence of the form 


m + nf}!? 
a + bf? + of! + df-4!? + hf?’ 


= (19) 


where a, f, a, b, c, d, h, m, and mare, respectively, the absorption factor, frequency, 
and constants. Biot’s (1956a, b) theories for fluid-filled porous solids at frequen- 
cies high enough that Poiseuille flow does not hold call for an absorption coeff- 
cient proportional to the square root of frequency, and for lower frequencies, 
where Poiseuille flow does hold, for absorption proportional to the square of 
frequency. However, in a porous granular material the pore space is irregular in 
shape, so that at a frequency high enough that Poiseuille flow does hold for the 
main part of the larger pores there will be regions where it does not hold, such as 
the space which immediately surrounds the contact area between grains. For the 
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general sediment, the suspended particle theory would apply in part, together 
with both the high and low frequency theories of Biot. 

If these three theories are simultaneously valid for the general sediment, the 
consequences would be that: (1) for a given material the frequency dependence 
of absorption changes with frequency because (a) the acoustic surface area of 
suspended particles is frequency dependent, and (b) because in pores of irregular 
shape the relative amounts of energy lost through Poiseuille flow and non- 
Poiseuille flow are frequency dependent, (2) the frequency dependence of absorp- 
tion for each fluid-grain aggregate is unique. It is probable that for any sediment 
the change of absorption with frequency lies between the extremes of frequency- 
squared dependence and square-root-of-frequency dependence. 

The absorption measurements of this dissertation provide data which fit 
within these relatively broad theoretical limits. The resonant technique used for 
the measurements provided values at two and sometimes three frequencies for 
individual samples. Occasionally one of the resonant modes gave a value incon- 
sistent with other values for a particular sample, assuming an increase of absorp- 
tion with frequency. Omitting such inconsistencies, the relation of absorption to 
frequency was examined for 65 samples. This is shown graphically in Figure 12, 
where, in addition to the measurements, typical curves for absorption propor- 
tional to the first and second power of frequency are given. 

For the frequency range involved in the measurements the relation between 


absorption, a, frequency, f, and a constant, K, can be approximated by the ex- 
pression a= Kf". If it is assumed that this expression holds down to zero fre- 


quency, then values of m may be determined from absorption measurements at 
two frequencies. An individual value of m so determined carries little weight by 
itself because of the possibilities of experimental error. An average n for a number 
of samples is more meaningful. For the 65 samples used, this average m equals 
1.79. The standard deviation of m is 0.98. 
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DISCUSSIONS AND COMMUNICATIONS 


ERRATA FOR “LESSONS IN SEISMIC COMPUTING’* 
Dr. R. A. GEYERT 


The following errata represent the combined efforts of Messrs. William J. 
Zwart, John E. Owen, and Jerry Fillebrown, who gave so very generously of their 
time to compile this list. The Special Editor of this volume regrets that their 
excellent co-operation had not been made available to him at a time when it was 
most needed, namely, prior to the publication. 

The equations in the original manuscript were expressed in the numerator- 
denominator form, rather than using the solidus. The decision to use the solidus 
was prompted by the need on the part of the Society for stringent economy meas- 
ures. The adoption of this form was responsible for a marked decrease in the 
number of printed pages necessary to reproduce the manuscript. However, it also 
increased the probability of having an even higher percentage of errata than 
usually occurs in the first printing of a complex mathematical treatise. In an effort 
to minimize this, two sets of page proof were checked instead of the usual one, 
in addition to the galley proof. 

The bulk of the errata as listed are attributable to mechanical form rather 
than content, and the majority of the latter, fortunately, are quite obvious to 
any serious student of the subject. 


The Special Editor of the volume would be most appreciative if in the event 


additional errata are found, they be called to his attention so that they can 
be included in the next printing. 


* Received by the Editor February 8, 1960. 
+ Special Editor for “‘Lessons in Seismic Computing.” 
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Should Read 


1/(At/Ax) = Ax/At 

Ax= 1,000. 

Label A, point midway between P; and P, 

t= (x?+4h?)!/2/1 

t= (x?+4h?)"/?/p 

[ (x? +4h?)"/2/0] —x/v= (1/0) [(x?+4h2) 2-2], 

= (1/v) [(x?+4h2)/2— x] [(x®+4h2) 242 ]/[(x?+4h2)'2 +2], 
= (1/0) } 4h?/[(x?+4h?)12+2]}. 
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Page Line Should Read 
27 20 h= (1/2) (v?t? —x?)}/? 
31 h= (1/2) [(9,570)2(1.912)?— (1,000)? ]"/2, 
29 4 h= (1/2) (v?t? —2x?)! 
32 5 x= (x, +2)/2, 
11 t=(t+4)/2. 
34 | 10 2; as 6,000 ft/sec is the 
i Aa 5 sin a=0(di/dx), 
45 | 13 O'’P2=OP2+007—(20P:)(O0')cos £ POO". 
33 sin XOP,O’ = 9,962 (sin 95°) /11,054, 
34 = 9,962 (0.9962) /11,054, 
48 26 cos £O’OP=-—sin ¢. 
50 2 (vt)? =(2H)?+2x2+2(2H)x sin ¢, 
52 22 | (dt/dx), = —cos 29/0. 
54 | 21 (1/2) (1.332+1.353) = 1.342 sec. 
55 | 2° | (1/2)(1.377+1.420) =1.398 sec. 
56 Z O1' P = 12,800 ft, 
23 O02’ P = 9,600 ft, 
61 | 12 sin a/cos a=tan a, 
| 16 tan ¢=(1/2)(tan a—tan a’). 
86 | 7 X_= 2hy (21/22) [1—(m te)? |! 2 
15 i= (1 01) [4/42012/ (12? — 242) +441? |} 2 
16 = (1 01) [4/1202 (v2 — 042) |} 2 
102 18 a= [(7,500) (1.621) — 10,000 ]/2(7,500/5,750—5,750/7,500), 


19 (12,160 — 10,000) /2(1.304—0.767), 
108 | Fig. 65 | Slope oV2 instead of 0 Vi 


113 | 5 56 = (B—a)/2= (59°30’ — 53°50’) /2, 
116 10 =sin (¢+6)/7. 
36 = (2ho/2 cos a)(cos 6—sin @ sin a), 
| wy = [2ho/m cos (+6) |[cos 6—sin ¢ sin (¢+4) |, 
38 = [2ho v cos (6+) |(cos 6—sin? @ cos 6—sin ¢ cos ¢ sin 4), 
117 | 2 = [240/21 cos (+4) ](cos? @ cos 6—sin ¢ cos ¢ sin 4), 
i = [2h cos $/r cos (¢+46) | [cos (¢+8) J, 
192° | °36 tsr =tap—[(haths)/v+be], 
| 40 trs=tap—|(at+h,)/v+ta| 
S61 3A cos y cos? 6/(cos? y cos? 6+sin? y)!/? 
sin y/(cos? wy cos? 6+sin? y)!/?, 
cos w sin 6 cos 6/(cos? y cos? 6+sin? y)!/? 
142 19 | (1/Ao)?&(1/Ax)?+(1/Ay)?2. 
150 12 At/Ax= (te—t) /(%2— 4%). 
160 | 12 | sin 6=(v%o/2h cos Yr2)[(At)12/2p]. 
165 2 | Pi 


167 34 sin ou = 017lo(At)12/2hAx. 
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Should Read 


SIN P34 = 047lo(Al)34/ 2A Ax, 
line Sy’; 
=sin a/?. 

x=2[ pr (1 — p20?) /?* + he pre/ (1 — pr")! 2], 
t= 2[hy/or(1 — p20s?) 2+ e/v2(1 — p20?) "/? |. 
running 
—1/1<p<1/n;, 
in equations (3), p. 182, by —p 
t=(—1/a)[log | (1/S)[14+(1—S?)"/2]} [2 * 
t=(1/a) log | [1+(1— p?x9?)"/2] po/ [1+(1 — p’e? 
t=(1/a) log [(vo+ah)[1+(1 — pr?) "/?] 

vo} 1+ [1— p2(2 
Nmnax = (Vo/a)(1—sin ap)/sin ag 
page 207 
xi,=(1 ap)|—(1—S?)! 2 bp = (1 ap)(1— p70) '/? 

=:(U9/@)COt ao 

11=(—1/a)[log { (1/5) [1+(1—S?)"?]} J}... 
=(1/a) log {(1/pro)[1+(1— px?) ]}, 
=(1/a) cosh (1 pro).* 


[ (a a) Cot ao, — Vo al. 
[(: 1 


,/a) cot ag, (vo/a)(1—sin ag) /sin ao}, 

(y?—1)!/? = (e?—e77)/2. 

x=log }(1/z)[1+(1—2?)"/2]}. 

cosh! (1/s)=log }(1 z)[1+(1—22)"?]}. 

C:[(v0/a) cot ao, —v0/a] 

R=1/a SIN a. 

= (v/a) {(1—sin ap)/sin ao] = R(1—sin a). 

lop=(2/a) cosh (1/sin ag); 

t=(2/a) sinh (ax/2v9). 

dt/dx=1/t» cosh (at/2). 

p=1/(vot+Ghinax). 

curve 

25.000 = 2 (6,000/0.6) cot ao, 
6,000 + (0.6)(6,000), 


sinh (1.3025a) 

t= (2/0.485) sinh~! [(0.485x)/2(5,750) J, 

2. 0.485x/2(5.750) =0.04217x/1,000, 

4. t=(2/0.485) sinh [(0.485x)/2(5,750) ], 
= 4.124 sinh~! (0.04217x/1,000). 

sinh (0.6820a) = 4,000a/ v9 

x=(1/ap) | [1— p02]? F [1— p2(vo+ah)?]"/?} 
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Should Read 


xe = (1/2) [(#2+h2)/2+h00/a], 
cosh at= {1¥ [1—p?v0?]} 2[1—p?(vo+ah)?|"/*} / p?v0(v0+ah).* 
cosh at — 1 
= [1— p?r(vot+ah) Fj [1 — poo? ] [1 — p?(v9+ah)?]}}/2] 
/ p’vo(vo+ah). 
ax? = [2— p*v9?— p?(v0+ah)? 
F 2{ [1—pro?] [1— p*(vo+ah)*] } /?]/p*. 
= [2— px? p?(vo+ah)? 
F 2} [1 — p02] [1—p?2(v0+ah)?] } 1/24 p2q2h?|/p?, 
= [2—2p?n?—2p*voah 
F 2} [1—pvo?][1— p2(ro+ah)?]}"/2]/p?, 
= 2[1— p*v0(vo+ah) 
F | [1 — p22] [1—p?(vo+ah)*] }' 2|/p?. 
cosh at —1=a?(x?+h’)/20(v0 + ah); 
=(1/a) cosh [1+42(«?+h?)/2v0(v0+ah) J. 
x?+ [h—(v0/a)(cosh aT —1)]?=(v?/a?) sinh? aT. 
[0, (v0/a)(cosh aT —1) | 
(vo/a) sinh aT, 
x+[h—(v9/a)(cosh aT —1) |dh/dx=0. 
dh/dx| »>= —xo/[ho—(vo/a)(cosh aT —1) J. 
(e) dh/dx\ >= —(xo—k)/(hot+0/ a). 
xo( xo — k)/(ho+00/a) [Ao —(v0/a)(cosh aT —1) |, 
ao? + [ho—(v0/a)(cosh aT —1) |? = (v9?/a?) sinh? aT, 
t=(1/a) cosh! [1+42(d?+h?)/2v0(vo+ah) ].4 +8 
h= [(v9?+-a2d?)"/?—v9|/a. 
vo = (ah/2)[}1+2[(d/h)?+1]/(cosh at—1) }' 24]. 
VII }2[(d/h)?+1]/(cosh at—1) +14 "2-1 
vo = (ah/2)[{2[(d/h)?+1]/(cosh at—1)+1}! >| 
t=(1/a) cosh [1+42(d?+h?)/2v0(v9+ah) | 
X t=(1/a) cosh! [1+4?(d?+h?)/2v0(v0+<ah) | 
(1) t=(2/a) log [{1+[1—p?x0?]"/} 
p(vo+aH)/{1+[1—p2(vo+aH)?|"/*} poo]. 
cosh (at/2)= [ (ax 2r9)?+1+(1+aH/v)?| 2(1+aH/vw). 
a=sin-! (v)+aH/V).| 
OS = (09/a) [cosh (ato/2) —1]. 
r=(vo/a) sinh (alo/2) 


x=0: 
a= 2(3)'/2h, 
tan 6= —cos a/cos B. 
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ERRATA FOR 
DISCUSSION OF “FREQUENCY ANALYSIS OF SEISMIC PULSES’* 


BY R. L. SENGBUSHT (GEOPHYSICS v. 25, p. 322) 


I want to call attention to errors in my comments on “Frequency Analysis 
of Seismic Pulses” that appeared in the February 1960 issue of GEopuysics. 
Following Woodward in his book “Probability and Information Theory,” I used 
the notation “sinc” function. By definition, sinc x= (sin rx)/ax. This function 
is intimately associated with sampling theory, although the notation is not 
widely used. The last lines in the fourth and fifth paragraphs on page 323 should 
read: 

‘It merely requires convolution of the discrete spectra with the function 
sinc fr.”’ 
“They can be obtained by convolving the sampled function with the 


function sinc 2fot.” 


There were other minor errors. The Greek letter, p, that occurs in the first 
two equations should be p. The sentence after the second equation should read, 
“These harmonics have discrete frequencies n/T, - - - .” 

I suggest that in the future galley proof of letters be sent to the author in 


order to prevent such errors. 


As is suggested, galley proof of discussions and communications will be sent to 


the authors in the future. Ed. 


* Received by the Editor, February 18, 1960. 
+t Socony Mobil Oil Co. Inc., Field Research Lab., Dallas, Tex. 








DEPARTMENTS 
PATENTS 
O. F. RitzMANnnt 


ELECTRICAL PROSPECTING 
U.S. No. 2,915,699. R. C. Mierendorf and C. F. Meyer. Iss. 12/1/59. App. 9/13/56. Assign. Square 

D Co. 

Metal Detectors. A metal detector having a laminated core wound with coils energized to pro- 
duce opposing fields and a pick-up coil on the core between the primary coils, the sensitivity being 
increased by operating with unbalanced primary circuits so that the primary fields are not in exact 
opposition. 

U. S. No. 2,917,732. W. P. Chase, W. R. Davis, and J. E. Snyder. Iss. 12/15/59. App. 3/22/57 

Assign. Librascope, Inc. 

Detector for Indicating Presence of Objects. A metal detector whose detecting coil is the tank 
circuit of an oscillator excited by a constant-current source, the oscillator being connected to a peak 
detector to indicate changes in the characteristics of the coil. 

U.S. No. 2,919,396. G. H. McLaughlin and H. A. Harvey. Iss. 12/29/59. App. 1/31/55. Assign. The 

McPhar Engineering Co. of Canada Ltd. 

Apparatus for Electromagnetic Induction Surveying. An energizing source for an electromagnetic 
prospecting system having a tuned coil connected to a portable a-c generator through a saturable- 
core reactor across which is connected a second coil tuned to a harmonic so that fields of two fre- 


quencies are simultaneously produced, selection being made by tuning the pickup circuit 


U.S. No. 2,919,397. L. W. Morley. Iss. 12/29/59. App. 4/30/56. Assign. Canada 


Method and A pparatus for Inductive Prospecting. An airborne electromagnetic prospecting system 
using a transmitter coil on the plane and a towed array of three orthogonal receiving coils whose sig 
nals are separately squared and combined, the effect of the primary field on the receiving coils being 
cancelled by combining in opposition signal from a fourth pickup coil located near the transmitting 
coil, changes in amplitude of the secondary field being indicated. 

GEOCHEMICAL PROSPECTING 
U.S. No. 2,918,579. R. L. Slobod, H. F. Dunlap, and T. F. Moore. Iss. 12/22/59. App. 1/31/57 

Assign. The Atlantic Refining Co. 

Exploration for Petroliferous Deposits by Locating Oil or Gas Seeps. A method of geochemical ex 
ploration by beat over water-covered areas by continuously sampling the water, separating entrained 
gas by vacuum, and analyzing the gas for methane concentration which is correlated with location. 

GRAVIMETRIC PROSPECTING 
U.S. No. 2,917,300 F. N. Spiess. Iss. 12/15/59. App. 12/7/56. Assign. The Regents of the University 
’ I < 
of California. 

Frequency Modulating Accelerometer. A gravity meter having a cantilever arm carrying the mov- 
able plates of three air condensers having a common fixed plate and with the condensers connected in 
a high frequency phase-shift oscillator circuit whose frequency changes are observed 

t Gulf Oil Corporation, Patent Department. 
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MAGNETIC PROSPECTING 
U.S. No. 2,914, 728. J. J. Brophy and J. W. Buttrey. Iss. 11/24/59. App. 10/2/56. Assign. Interna- 
tional Business Machines Corp. 
Hall Effect Probe. A magnetic measuring probe having a thin sheet of insulating material carrying 
a thin film of semi-conductor material in the shape of a cross with two opposite arms connected to a 


source of current and the other two opposite arms connected to a potentiometer. 


U.S. No. 2,916,690. B. D. Leete. Iss. 12/8/59. App. 12/6/52. Assign. General Electric Co. 

A pparatus for Measuring Magnetic Fields. A nuclear magnetic resonance magnetometer for weak 
fields having a pair of opposing magnets with air gaps so that the ambient field increases the flux in 
one air gap and decreases the flux in the other air gap, and measuring the frequency difference between 


the n.m.r. in the two air gaps 


RADIOACTIVITY PROSPECTING 
U.S. No. 2,911,535. N. L. Muench. Iss. 11/3/59. App. 1/8/57. Assign. Jersey Production Research 
Co. 
Apparatus for Pulsing a Scintillation Detector. A scintillation counter whose photomultiplier is 
turned on by the application of a positive gating pulse to a selected pair of dynodes and a negative 
pulse to another pair of dynodes, and turned off by applying pulses that produce zero potential across 


any pair of dynodes. 


U.S. No. 2,917,729. M. C. Ferre. Iss. 12/15/59. App. 8/27/54. Assign. Schlumberger Well Surveying 
Corp. 
Pulse Analyzer. A pulse height analyzer in which the pulse is applied to the horizontal deflecting 
plates of a c-r tube and the derivative of the pulse is applied to the vertical deflecting plates so as to 
produce a line spectrum of pulse heights, the c-r tube screen having target electrodes that are con- 


nected to separate counters. 


SEISMIC PROSPECTING 

U.S. No. 2,911,600. T. Bardeen. Iss. 11/3/59. App. 11/14/55. Assign. Gulf Research & Development 

Co 

Control for Seismograph Prospecting Filter Circuits. A circuit for independently controlling the 
mid-frequency and the band width of band pass filters having saturable-core inductances, the control 
coils for the series-tuned inductances and the control coils for the parallel-tuned inductances being 
respectively in adjacent arms of a Wheatstone bridge circuit, with the mid-frequency control current 
applied across one diagonal of the bridge and the band-width control current applied across the other 


diagonal of the bridge. 


U.S. No. 2,912,060. W. T. Evans. Iss. 11/10/59. App. 4/19/55. Assign. Sun Oil Co. 

Seismic Prospecting. An air shooting system in which detonating cord is suspended above the 
ground in a curved arc so that the wave front in the earth will be properly directed and curved for 
optimum reflection energy. 

U.S. No. 2,912,164. D. O. Seevers. Iss. 11/10/59. App. 5/2/55. Assign. California Research Corp. 

Seismic Record Statistical Computer. A system for identifying reflections on a multi-trace seismo- 
gram by first determining the distribution frequency of various amplitudes taken at millisecond inter- 
vals, then determining the number of amplitudes in a given category over progressive five-millisecond 
intervals throughout the seismogram, squaring and summing the count for all traces for each interval, 
and comparing with the over-all amplitude distribution. 
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U.S. No. 2,912,672. G. B. Loper. Iss. 11/10/59. App. 7/5/55. Assign. Socony Mobil Oil Co., Inc. 
Intensity-M odulated Transient Display. A system for repeatedly reproducing an endless multi- 
trace magnetic seismogram on a c-r tube by vertically sweeping the c-r beam on a raster whose hori- 
zontal sweep is synchronized with motion of the seismogram, and having a number of mono- 
stable multivibrators of different periods for the respective traces, the multivibrators being 
rendered unstable at the beginning of the vertical sweep with the unstable period being varied by the 
seismic impulse, triggering of the multivibrator effecting a momentary increase in the intensity of the 


c-r beam. 


U.S. No. 2,912,673. G. M. Groenendyke. Iss. 11/10/59. App. 9/28/55. Assign. Socony Mobil Oil Co., 

Inc. 

System for Visual Display of Transients. A system for repeatedly reproducing an endless multi 
trace magnetic seismogram on a c-r tube by vertically sweeping the c-r beam on a raster whose hori 
zontal sweep is synchronized with motion of the seismogram, the trace signals being fed to com 
parators activated at the beginning of the vertical sweep and producing time-modulated pulses that 
increase the beam intensity whenever the trace signal exceeds a predetermined amplitude. 

U.S. No. 2,913,701. H. Wachholz. Iss. 11/17/59. App. 7/2/58. Assign. Prakla Gesellschaft fiir Prak 
tische Lagerstattenforschung G.m.b.H. 

Electrodynamic Transducers for Vibrations Transmitted Through Solids. A suspended coil electro 
magnetic seismometer whose suspended structure has a magnet that is attracted by a fixed magnet 
on the case so as to compensate the effect of gravity and permit attainment of a low natural fre- 


quency. 

U.S. No. 2,914,854. J. A. Westphal. Iss. 12/1/59. App. 6/20/56. Assign. Sinclair Oil & Gas Co. 
Apparatus for Plotting Migrated Geologic Cross-Sections. A seismic cross-section plotter having a 

head for manually scanning a pair of seismograms, electrical signals representing the longitudinal 

position of the head and its angular orientation being fed into computers that drive servos connected 

to an arm carrying a plotting head. 

U. S. No. 2,915,588. A. G. Bose. Iss. 12/1/59. App. 8/6/56. 


Pressure Wave Generation. An electroacoustic transducer for generating a spherical wave and 
having a number of small closely-spaced pressure transducers mounted on a baffle in the form of a 


spherical sector. 
U.S. No. 2,915,599. R. E. Ricketts. Iss. 12/1/59. App. 6/6/52. Assign. General Electric Co. 


Logarithmic Amplifier. A sonar amplifier having a cathode follower and a cathode-driven amplifier 
with a common cathode impedance which includes an element with a logarithmic characteristic. 


U.S. No. 2,915,738. C. B. Vogel. Iss. 12/1/59. App. 1/22/57. Assign. Shell Development Co. 
Hydrophone Detector. A variable air-gap reluctance-type hydrophone having between the inner 

and outer chambers separated by the transducer diaphragm two parallel magnetically biased check 

valves to compensate for static pressure variations. 

U.S. No. 2,917,706. C. D. Thompson. Iss. 12/15/59. App. 7/14/55. Assign. Phillips Petroleum Co. 
Seismometer Testing A pparatus. A circuit for testing detectors either singly or in groups by means 

of a resistance meter and also having galvanometers for checking phasing of the detector when it is 

manually moved upward. 

U. S. No. 2,917,918. J. E. Jenkins. Iss. 12/22/59. App. 10/3/56. 


Vibration Measuring and Recording Apparatus. A self-contained vibration recorder having three 
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pendulums operating in mutually perpendicular planes and employing optical recording with a dif- 

ferent color-coded light pattern for each pendulum beam. 

U.S. No. 2,918,001, E.L. Alford. Iss. 12/22/59. App. 9/30/57. Assign. One-half to William W. Garber. 
Radio-Proof Electric Firing Device. An electric initiator whose leg wires are connected to an r-f 

choke having a relay armature so that d-c firing current will actuate the relay which completes the 


bridge wire circuit. 


U. S. No. 2,919,423. W. H. Williams and D. A. Baldwin. Iss. 12/29/59. App. 4/29/54. Assign. 

U.S.A. 

Submarine Bottom Scanner. An acoustic water-depth indicator using a directional piezo-electric 
transducer that is oscillated in a plane transverse to the direction of traverse and having a c-r tube 
display with synchronized radial sweep and whose spot is increased in brightness when the reflection 
is received, so as to obtain a transverse cross-section of the bottom contour. 


WELL LOGGING 

U.S. No. 2,911,487. F. N. Tullos. Iss. 11/3/59. App. 12/7/55. Assign. Jersey Production Research 
Co. 

Amplifying System. An expander amplifier for well logging or signaling having two tubes with a 

common anode resistor, and with the signal applied to one grid and also applied to the other grid in 


reversed phase. 


U.S. No. 2,911,534. H. R. Brannon, Jr. and J. A. Rickard. Iss. 11/3/59. App. 4/27/56. Assign. 
Jersey Production Research Co 
Gamma Ray Scintillometer. A gamma-ray detector having a photomultiplier tube adjacent to a 
transparent medium containing a number of parallel cylindrical scintillating elements whose length is 
sufficient to completely absorb Compton electrons and whose radius is related to the least energy of 
Compton electrons, the angle of scattering, and the density of the scintillating material. 


U.S. No. 2,911,536. S. A. Scherbatskoy. Iss. 11/3/59. App. 6/12/51. Assign. PGAC Development Co. 

Simultaneous Neutron and Gamma Ray Well Logging System. A combined neutron logging, gamma- 
ray logging, and casing-collar logging device in which neutron and gamma-ray pulses are given 
opposite polarity so that they can be separated at the surface with the respective channels rendered 


inactive with the onset of a pulse of opposite polarity. 


U.S. No. 2,912,495. J. Moon and R. C. Crooke. Iss. 11/10/59. App. 2/3/56. 

Device for Viewing Oil Well Bore Hole. A closed-circuit television system having in the well a 
television camera with a lens whose axis is parallel to the borehole axis and is protected by a hy- 
draulically operated flexible closure and with a motor-driven piston that forces clear liquid into the 


space between the lens and the closure. 


U.S. No. 2,912,932. E. D. Ayers. Iss. 11/17/59. App. 4/4/56. 

Well Treating Apparatus. A circuit for spotting well perforations with respect to a radioactivty 
log and having a Geiger-Miiller tube connected in series with the perforator firing device so that the 
latter may be fired at a desired log indication by applying sufficient voltage to break down the tube. 


U.S. No. 2,913,195. O. V. Phillips. Iss. 11/17/59. App. 8/1/55. Assign. The Star Recorder Corp. of 
Denver. 
Crank for Use with Recording Apparatus for Earth Bore Drilling. A crank handle for the cable reel 
of a drilling rate recorder which permits adequately tensioning the line to the traveling block. 
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U.S. No. 2,914,677. W. R. Arnold. Iss 11/24/59. App. 3/8/54. Assign. Schlumberger Well Surveying 
Corp. 
Well Logging Apparatus. An ion-accelerator type neutron source for use in a borehole and in 
which the neutron flux is monitored and used to control the accelerator so as to maintain a uniform 
flux. 


U.S. No. 2,914,727. W. G. Price. Iss. 11/24/59. App. 4/4/57. 
Method and Apparatus for Measuring Magnetic Fields. A magnetometer having an inductor coil 


which is rapidly rotated about an axis and simultaneously rotated at a slower rate about another axis 
at right angles to the first axis and the maximum signal through a complete cycle indicated. 


U.S. No. 2,914,947. R. J. Stegemeier. Iss. 12/1/59. App. 12/11/56. Assign. Union Oil Co. of Calif. 


Temperature Recorder. A small-diameter recording thermometer whose chart is rotated by the 
increasing pressure of the ambient fluid so as to record the temperature at various pressures from 
which the depth may be determined. 


U.S. No. 2,915,696. E. S. Cornish and D. E. Stark. Iss. 12/1/59. App. 5/9/56. Assign. George E. 

Failing Co. 

Electrical W ell-Logging A pparatus. A two-terminal electric logging system in which the resistivity 
is measured with a constant-current ohmmeter using commutated d-c and the self-potential is ob 
tained through a long-time constant filter connected across a capacitor in series with the well elec- 
trode. 


U.S. No. 2,915,697. E. S. Cornish. Iss. 12/1/59. App. 4/11/57. Assign. George E. Failing Co. 


Method and Apparatus for Electrical Logging of Bore Holes. A system for changing the potential 
electrode connections in an a-c electric logging circuit without using additional cable conductors by 
having in the sonde a rectifier across a resistor in the current circuit with the rectifier output actuating 
a relay that changes the connection to the potential electrodes when a high current is used. 


U. S. No. 2,915,739. R. C. Rumble and H. M. Buck. Iss. 12/1/59. App. 12/7/56. Assign. Jersey 
Production Research Co. 


Sound Monitor for Subsurface Packer. A subsurface well flowmeter having a packer inflated by a 
reversible electric motor controlled from the surface and a vane-type impeller that actuates a con- 
tactor to signal flow rate. 


U. S. No. 2,915,830. B. G. Price. Iss. 12/8/59. App. 5/21/58. Assign. Tuboscope Co. 

Tubing Caliper. A well calipering device having a circumferential array of outwardly biased feelers 
and a coil on a magnet that rotates to scan the position of the feelers, the amplitude of the emf gener- 
ated as the magnet rotates being recorded. 


U.S. No. 2,916,691. J. D. Owen. Iss. 12/8/59. App. 2/14/55. Assign. Phillips Petroleum Co. 


Electrical Well Logging. A system for determining the azimuthal variation of resistivity around a 
borehole having an axial spherical electrode and a number of toroidal coils symmetrically placed about 
the electrode and measuring the emf generated in the respective coils by radial current flow from the 
electrode. 


U. S. No. 2,917,704. J. J. Arps. Iss. 12/15/59. App. 5/24/54. 

Earth Formation Logging System. A system for electrically determining the presence of a rock in- 
terface below the drill during drilling using an insulated drill bit on a drill collar having other insu- 
lated electrodes connected to a measuring system that controls an electromagnetic drilling fluid valve 
so that the resulting pressure variations can be detected and recorded at the surface. 
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U.S. No. 2,919,015. G. F. Turechek. Iss. 12/29/59. App. 8/29/55. Assign. Dresser Industries, Inc. 
Wireline Feed-In Device. A device for feeding a line through a lubricator on a well under pressure 
and having a friction wheel that engages the cable sheave just above the lubricator, the friction wheel 
being driven by an endless draw chain and brought into engagement with the line on the sheave by a 
support lever. 
(See also Patents 2,911,535 and 2,917,729 listed under Radioactivity Prospecting; and Patents 
2,912,165 and 2,914,725 listed under Miscellaneous.) 


MISCELLANEOUS 


U.S. No. 2,911,642. T. J. Hickley, C. A. Burmister, and R. R. Ross. Iss. 11/3/59. App. 12/19/55. 

Assign. U.S.A. 

Electronic Position Indicator. A radio position determining system in which the mobile station 
transmits a single frequency carrier with pulse modulation to two fixed transponder stations having 
known time delays and in which the delayed signal received at the mobile station is matched with the 
transmitted signal so as to measure the transit time to the fixed stations. 


U.S. No. 2,912,165. W. L. Poland. Iss. 11/10/59. App. 5/6/55. Assign. Schlumberger Well Surveying 
Corp. 
Computer. An electromechanical analog computer for computing formation porosity from the 
measured resistivities of the mud cake, mud filtrate, and formation. 


U.S. No. 2,912,641. R. J. Ruble. Iss. 11/10/59. App. 7/27/56. Assign. Texaco Development Corp. 

Analysis Techniques Based on Nuclear Magnetic Resonance. A system for making nuclear para- 
magnetic resonance measurements on a core as it is cut by the drill and in which the core passes 
through an n.p.r. detector head in the lower end of the drill stem and discharges into the mud stream, 
the apparatus also containing monitoring detector heads with known samples of material being sought 
so that the operator can monitor adjustment of the apparatus in the borehole 


U.S. No. 2,912,689. E. C. L. de Faymoreau. Iss. 11/10/59. App. 8/16/57. Assign. International Tele- 
phone and Telegraph Corp. 

Radio Navigation System. A radio navigation beacon having a rotating directional antenna and 
transmitting semi-random pulses and fixed pairs of reference pulses with the receiver comparing the 
two sets to produce a bearing indication. 

U.S. No. 2,913,170. R. G. Piety. Iss. 11/17/59. App. 7/16/54. Assign. Phillips Petroleum Co. 

Electrolytic Analogue for Approximately Simulating Extensions in Space to Infinity. A potentio- 
metric model for simulating current flow in electric logging and which employs two adjacent triangu- 


lar electrolytic tanks, one tank representing the real field and the other tank representing the field 
obtained by cylindrical inversion with the latter including representation of infinitely distant points. 


U.S. No. 2,913,658. N. T. Burdine. Iss. 11/17/59. App. 3/29/54. Assign. Socony Mobil Oil Co., Inc. 


Measurement of Physical Conditions of Porous Material. A method of determining permeability of 
a core by measuring the intensity of nuclear magnetic resonance under fluid saturations of a liquid 
hydrocarbon and of liquid deuterium oxide. 


U.S. No. 2,913,719. A. F. Hasbrook. Iss. 11/17/59. App. 4/9/54. Assign. Olive S. Petty. 


Radiolocation Method and Apparatus. A Loran system in which an individual cycle of the pulse 
train is identified by increased amplitude so as to increase the precision with which pulse envelopes 
can be matched 
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U.S. No. 2,913,897. D. Kirkham and J. E. Adams. Iss. 11/24/59. App. 9/28/56. Assign. Iowa State 
College Research Foundation, Inc. 
A pparatus for Measuring Diffusion Coefficients of Soil in Place. A gas permeameter for soil having 
a tube that is driven into the ground with a water-sealed float closing its upper end, and arranged so 
that downward movement of the float driving air through the soil can be observed. 


U.S. No. 2,914,686. R. J. Clements, R. J. Loofbourrow, and B. D. Lee. Iss. 11/24/59. App. 10/6/53. 

Assign. Texaco Inc. 

Crystal Microphone. A microphone for an acoustic well sounding apparatus having a piezo- 
electric crystal mounted in contact with the bottom and sides of a cup-shaped holder and having a 
thin diaphragm separating the crystal from the well fluid and through which the pressure is applied to 
the crystal. 

U.S. No. 2,914,725. D. H. Carter and O. R. Smith. Iss. 11/24/59. App. 6/4/56. Assign. Welex, Inc. 

Drilling Mud Filter Cake Resistivity Measurement. A device for measuring mud filter cake re- 
sistivity by accumulating the mud cake in a filter press and embedding electrodes in the mud cake as 
it is being formed and subsequently making an a-c resistivity measurement by means of the em- 
bedded electrodes. 

U.S. No. 2,914,862. H. E. Hendriks. Iss. 12/1/59. App. 5/28/57. 
Strike-Dip Measuring Aid. A device for measuring the dip and strike of an outcrop using a 


Brunton compass and having a plate carrying a rotatable disk with cleats against which the Brunton 
is placed so that by rotating the disk the Brunton can be oriented to read the strike and dip angles. 


U.S. No. 2,915,242. H.-G. Doll. Iss. 12/1/59. App. 6/2/53. Assign. Schlumberger Well Surveying 

Corp. 

Automatic Computing Apparatus. A computing device having a light beam or c-r beam deflected 
according to one variable and a moving screen with opaque curves relating to a second variable, the 
curves being arranged so that a multivalued function will have its positive and negative values in 
different parts of the screen separated by a reference line so that the pulses can be separately counted 


and algebraically combined. 


SELECTED LIST OF U. S. PATENTS 
ISSUED DURING NOVEMBER AND DECEMBER OF 1959 


Patent No. Subject* Patent No. Subject* Patent No. Subject* 
2,910,778 428 2,911,149 68 2,911, 535* 304 
2,910,867-868 288 2,911,151 68 2,911,536 304 
2,910,869 200 2,911,161-162 224 2,911,557 68 
2,910,870 68, 484 2,911,215 224 2,911,576 200 
2,910,871 412 2,911,277-278 324 2,911,587 228 
2,910,872 68 2,911,317 224 2,911,589 228 
2,910,908 68 2,911,481 224 2,911, 6008 348 
2,910,910 16, 444 2,911,483 224 2,911,606 288 
2,910,999 200 2,911,484 484 2,911,617 12 
2,911,143 68 2,911,487 116, 304,516 2,911,618 16 
2,911,144 324 2,911,531-532 236 2,911, 640-641 316 
2,911,146 68 2,911,534 304 2,911,642" 312 


* A key to the subject classification system will be found in Geropnysics, v. 12, 256-264 
(April, 1947). 
® Abstracted on preceding pages of this issue. 
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Patent No. Subject* Patent No. Subject* Patent No. Subject 
2,911,644 312 2,913,520 224 2,915, 588* 484 
2,911,820 148 2,913,535 484 2,915,593-597 224 
2,911,825-827 148 2,913,536-537 224 2,915 , 5998 344 
2,911,828-830 200 2,913,584 416 2,915, 606 148 
2,911,832 16 2,913,586 68 2,915,639 308 
2,911,871 484 2,913,602 12, 140 2,915,688 68 
2,911,877 444 2,913,614 308 2,915, 696" 116 
2,911,910 136 2,913 , 6588 88 2,915,697 116 
2,911,955 148 2,913,668 68 2,915,699 132 
2,912 ,060* 360 2,913,669 68, 308 2,915,738" 376 
2,912,061 12 2,913,680 12 2,915,739 148, 516 
2,912, 160-163 68 2,913,690 484 2,915, 747 316 
2,912,164 68, 352 2,913,691-693 428 2,915,748 312 
2,912,165 68, 116 2,913,701 376, 484 2,915,750 312 
2,912,178-179 224 2,913,717 316 2,915,751 316 
2,912,493 224 2,913,719 312 2,915,812 224 
2,912,495 280 2,913,720-721 316 2,915,827 444 
2,912,514-519 224 2,913 , 827 444 2,915 , 8308 44 
2,912,521 224 2,913,897 276, 396 2,915,896-897 492 
2,912,522-523 484 2,913 ,900-901 148 2,915,898 188 
2,912,577 68 2,913,902 188 2,916,016 484 
2,912,605 484 2,913,907 16 2,916,202 16, 324 
2,912,641 208 (220 2,914,250 68 2,916,203 16 
2,912,642 228 2,914,480 224 2,916, 206-207 68 
2,912,657 4 2,914,610 324 2,916, 209 68 
2,912,671 12,16 2,914,619-620 224 2,916, 211-212 68 
2,912,672" 352 2,914,621 484 2,916,279 4, 180 
2,912,673" 352 2,914,677 304 2,916,342-343 324 
2,912, 686-687 316 2,914, 686" 484 2,916,559-560 224 
2,912,689" 312 2,914,725" 116, 260 2,916,561 484 
2,912,690-691 312 2,914,727 232 2,916,623 140 
2,912,692 316 2,914,728 232 2,916,639 224, 484 
2,912,761 444 2,914,743 288 2,916, 690" 232 
2,912,763 224 2,914,758 68 2,916,691 116 
2,912,766 16 2,914,763-764 312 2,916,702 68 
2,912,767 180 Re.24,741 16 2,916,715 288 
2,912 , 853-854 12 2,914, 853 68 2,916,728 224 
2,912,855 428 2,914, 8544 352 2,916,731 16 
2,912, 856-858 148 2,914, 8628 192, 444, 520 2,916,734 68 
2,912,860 200 2,914, 863 16, 216 2,916,735 316 
2,912,863 288 2,914,943-946 148 2,916,737 312 
2,912, 864-865 16 2,914, 9474 452 2,916,827 444 
2,912,895 420 2,915,012 136 2,916,917-919 16 
2,912,932 304 2,915,123 392 2,916,954 428 
2,913,170" 68 2,915,242 68 2,916,992-994 136 
2,913, 180-181 68 2,915,246 68 2,917 ,041 308 
2,913,192 224 2,915, 284-285 80 2,917 ,065 496 
2,913, 195 100 2,915,356 324 2,917 , 237-238 68 
2,913,246 224 2,915,357 224 2,917 , 250 224 
2,913,299 324 2,915,359-360 324 2,917,280 392 
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Patent No. Subject* Patent No. Subject* Patent No. Subject* 
2,917 , 3008 4,180 2,917,742 312 2,918,669 68 
2,917,588-589 224 2,917,918 492 2,918,816 428 
2,917,590 484 2,917,922 148 2,918,818 200 
2,917,597 288 2,917 ,923 200 2,918,829 16 
2,917 ,631-634 308 2,918,001 136 2,918, 869 16 
2,917 ,639 68 2,918,213 68 2,918,871 136 
2,917 ,642 288, 484 2,918,218 68 2,919,015 520 
2,917 647-648 308 2,918, 343 324 2,919 ,065-067 68 
2,917, 704" 116, 208 2,918,534-537 224 2,919,170 324 
2,917, 7068 380 2,918,538 484 2,919,312-314 224 
2,917,707 324 2,918,578 168 2,919,350 196 
2,917,709 160 2,918, 5798 172 2,919,351 308 
2,917,726 224 2,918 , 581 16 2,919, 396" 132 
2,917,729 304, 308 2,918,621 140, 228 2,919,397 132 
2,917,732" 132 2,918, 641 428 2,919,423 108, 360 
2,917,738 316 2,918,651 380 2,919 ,431-432 324 
2,917,740 312 2,918, 662 224 2,919,438 308 


2,917,741 316 
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Contem porary Geodesy, Geophysical Monograph No. 4, Charles Whitten and Kenneth H. Drummond? 
Editors, American Geophysical Union, Washington, 1959, 99. pp. $5.50. 


This monograph is a record of the proceedings of a conference held at the Harvard College Ob- 
servatory-Smithsonian Astrophysical Laboratory, Cambridge, Massachusetts, in December of 1958. 
It was attended by over one hundred scientists representing government agencies, institutions, uni- 
versities, and companies. The report covers, apparently in entirety, the 15 papers and discussions 
which followed. 

As might be expected in such a conference, much of the material consisted of definitions, historical 
comments, progress reports, and technical discussions of the finer points. 

Subjects covered by the various papers include proposals for a geodetic network in the oceans, 
the bench marks consisting of arrays of submerged transponders, water distance measurements by 
means of Sofar, improved geodetic positioning on earth through observations on celestial bodies, 
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limitations of the utility of rockets for geodetic purposes, satellites and their geodetic applications, 
suggestions for particular forms of satellites and orbits, and computations pertaining to satellite data. 
It is concluded that eventually the space co-ordinates of the tracking stations might be determined to 
an accuracy of about 30 meters, a truly remarkable prospect. 
This monograph has much to offer to the layman who desires a broad appreciation of the newer 
aspects of geodesy and related subjects. 
To the active geodesist it would seem to be required reading. 
JAMES AFFLECK 
Gulf Research & Development Company 
Pittsburgh, Pennsylvania 


Application of Ray Theory to the Problem of Long-Range Propagation of Explosive Sound in a 
Layered Liquid, C. L. Pekeris, I. M. Longman, and H. Lifson, Bulletin of the Seismological So- 
ciety of America, Vol. 49, 1959, pp. 274-250. 


A numerical investigation is made of a transient disturbance in a liquid stratum which overlies a 
semi-infinite liquid possessing a greater density and acoustic wave velocity. The point source of 
pressure has a step-function dependence on time and the pressure detector is located at a range of 
460 times the thickness of the liquid layer. The effectively “exact” seismogram resulting from the 
numerical application of ray theory is compared with the approximate results obtained earlier using 
normal-mode theory. It is readily apparent that the lower frequency behavior of the exact-ray solu- 
tion is closely correlated with the disturbance associated with the first normal mode. 

The authors are to be congratulated on this rather unique investigation, which is the first ac- 
count of the numerical application of exact-ray theory to a case involving several hundreds of rays. 
In view of this fact, it is worthwhile considering if the technique is routinely applicable, either im- 
mediately or in the near future, to more complex layered media. At first it would appear that the an- 
swer is no since the investigation reviewed here involved an extremely long computing time. This 
conclusion is, however, rather pessimistic. One or two alternative computing schemes offer prospective 
computing economies; also digital computers should soon become available with speeds up to a factor 
of a hundred greater than the WEIZAC. It is therefore this reviewer’s opinion that the next few years 
will see the practical application of ray theory to solid media involving several tens of strata. 

J. W. C. SHERwooD 
California Research Corporation 
La Habra, California 


Seismic-Reflection Representation of the Bentheimer Sandstone in the Meppen Area, Karl-Heinz 
Seelis, Erdél und Kohle, Vol. 12, 1959, pp. 953-957 (in German). 


In a well-illustrated, clearly-written paper, Dr. Seelis tells how the Bentheimer sandstone was 
identified, correlated across faults, and followed to pinchout entirely by seismic reflection methods. 

Near Meppen on the Ems, records had normally been of average quality when produced by con- 
ventional techniques, including a 34-55 cps filter pass-band. Excessive noise prevented the use of 
broad-band filters. Narrow filters, however, produced characterless reflections which could not be 
identified with any particular objective horizon. Closely adjacent reflections merged into one after 
narrow filtering. 

Clearly, it was necessary to remove much of the noise by means other than filtering if a broader 
filter response was to be usable. “Tapered” patterns were adopted as the most efficient means of 
eliminating noise ahead of the amplifiers. Tapered, two-dimensional shot patterns were used with 
non-tapered, six-seismometer groups. Shot patterns were chosen rather than seismometer patterns 
because the marshy ground made seismometer pattern layout difficult but afforded easy drilling for 
shallow holes. 

Noise was thus suppressed sufficiently to permit substitution of 23-120 cps filters for the narrower 
34-55 cycle filters previously required. Character was thereby sufficiently preserved to allow reflection 
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polarity to be determined. Since the Bentheimer sandstone has a higher velocity than that of both the 
subjacent and superjacent beds, the reflections from the top and bottom of that horizon were dis- 
tinguished and identified by reason of their opposite polarity. 
Character correlation carried the key horizon across faults. Clear onsets allowed the top and 
bottom Bentheimer reflections to be followed to the trace at which pinchout occurred. 
Subsequent wells have completely confirmed the interpretation. 
Dr. Seelis has described in this paper a new and most promising avenue for the seismic exploration 
of stratigraphy. 
Car H. Savit 
Western Geophysical Company of America 
Los Angeles, California 


Contribution to a Theory of the Directional Effect of Groups of Seismographs in a Case of Pulse 
Vibrations, I, V. S. Issayev, English Edition of Bulletin (Izvetsiya), Academy of Sciences, USSR, 
Geophysics Series, No. 6, 1958, pp. 437-443. 


On the Theory of the Directional Effect of a Group of Seismometers in Case of Pulse Oscillations II, 
V. S. Issayev, English Edition of Bulletin (Izvestiya), Academy of Sciences, USSR, Geophysics 
Series, No. 10, 1958, pp. 719-717. 

The author points out that many papers have treated the directivity of detector arrays subject to 
sinusoidal excitation, whereas little attention has been given the transient behavior of such arrays. 
After properly observing that the computation of transient behavior by Fourier synthesis would be 
too tedious, he sets about to compute the behavior directly in terms of assumed simple pulses. 

The treatment is somewhat disappointing in its limited scope. Only two arrays are treated, one 
consisting of four identical detectors equally spaced along a line, and the other of two such detectors. 
Plane waves in a homogeneous medium are assumed. The theory consists really of the statement that 
the resultant signal is the sum of four (or two) identical pulses, properly delayed in time, although 
the author devotes more than two pages to equations indicating this addition for one assumed pulse 
waveform. Two waveforms are considered, one consisting of one cycle of a sine-wave and the other 
quite similar to it, except with onset and tail smoothed out so as to have continuous derivatives. 

For each of these assumed waveforms, the resultant sum is plotted for increasing values of time 
delay, yielding two families of waveforms quite similar to those shown in Figure 11 of a paper by 
White, which appeared in the January, 1958, issue of GEopnysics. These waveforms are the primary 
results of this analysis, and much of the two papers concerned inferences which can be drawn from 
them. 

For instance, an increase is noted between the times for the maximum of the positive peak and 
the minimum of the following trough, as delay across the array increases. Twice this time is defined as 
an apparent period and a curve of apparent period vs time-delay results. As a second point, peak-to- 
peak amplitude is plotted against time delay. It is noted that whereas certain values of time delay 
give zero output for sinusoidal excitation, the amplitude of the pulse output simply decreases smoothly 
without exhibiting any critical null directions. 

Part II is an application of the conclusions of Part I to the practical case of reflection prospecting. 
Since apparent period changes with angle of arrival, some error in reflection times could result if, for 
instance, an onset or a trough away from the center of symmetry is being picked. Furthermore, an 
effect on reflection amplitude should be expected. The author notes that neither of these factors is 
significant unless unusually long spreads are being used. 

This paper is a timely treatment of detector arrays in a form most directly applicable to seismic 
prospecting, and he has made sound generalizations from the simple examples computed. 

J. E. Ware 
The Ohio Oil Company 
Littleton Colorado 
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Physics and Chemistry of the Earth, Vol. 3, edited by L. H. Ahrens, Frank Press, Kalervo Rankama, 
and S. K. Runcorn, Pergamon Press, New York. 1959, 464 pp., $15.00. 


This is the third volume of an annual series of volumes dealing with the contributions of physics 
and chemistry to a study of the earth. 

Chapter 1. Paleoclimates—This chapter comes from the Berkeley campus of the University of 
California. It is a rather brief chapter concerned with determinations of the seas of the Cenozoic era 
through studies of the depositional ratios of radioisotopes. 

Chapter 2. Geophysical Investigations in the Eastern Caribbean. Summary of 1955 and 1956 Cruises. 

This chapter of nearly one hundred pages comes from the Rice Institute and represents the coopera- 
tive effort of personnel from the Woods Hole Oceanographic Institution, the Lamont Observatory of 
Columbia University, Scripps Institution of Oceanography, The Rice Institute, Harvard, Princeton, 
Cornell, Wisconsin, and Utah Universities, Massachusetts Institute of Technology, and the Western 
Electric Company. The studies consist of a large amount of seismic refraction work with reversed 
profiles, made on the ocean bottom of the Venezuela Basin and the Greater and Lesser Antilles chain 
of islands and their associated submarine trenches and folds. A great amount of detail is given in- 
cluding graphs of about seventy reversed profiles made in the area. Computed sections obtained from 
the data also are given. 

Chapter 3. Continental Margins and Geosynclines: The East Coast of North America, North of Cape 
Hatteras.—This chapter of nearly 200 pages is likewise the result of a joint effort by a large number of 
workers from Woods Hole, Lehigh, Princeton, Wisconsin, and the Hudson and Lamont Laboratories 
of Columbia University. The chapter is based largely upon seismic refraction data obtained in the 
area, with structural interpretations. The report comes from Lamont Observatory. 

Chapter 4. The Origin of the Elements.—This highly interesting chapter of 25 pages comes from 
Atomic Energy of Canada, Ltd., and is a critical discussion of various theories of stellar evolution 
and of various thermonuclear reactions viewed in relation to the cosmic abundance curve of Suess and 
Urey (Reviews of Modern Physics, vol. 28, pp. 53-74, 1956) and by Goldberg, Mueller, and Allen 
(Astronomical Journal, vol. 62, p. 15, 1957). 

Chapter 5. Silicate Melt Systems. This chapter of 74 pages comes from the USGS Laboratories, 
Naval Gun Factory, Washington, D. C. The chapter does not represent original work but is the col- 
lection of various phase equilibrium diagrams obtained by numerous workers and published else- 
where, of two and three component systems of metallic oxide melts having SiOz as one component. 
The purpose of the assemblage of these data is to discuss the relationship between these synthetic 
melts and the mineral species occurring in nature. A good list of bibliographic references is given. 

Chapter 6. The Geochemistry of Thorium and Uranium.—This chapter of 50 pages comes from 
the Rice Institute. This is a review paper, recounting the various relevant articles in the field. At the 
close of the chapter, about 200 bibliographic references are given. 

Chapter 7. Geochemistry in the U.S.S.R.—¥or numerous reasons, the language barrier perhaps, 
but principally because of the tremendous number of published papers from Soviet Russia, the author 
of this chapter can do but a little more than list the papers by name of author, with title of the paper 
in English. There are over twelve hundred references so listed. The listing covers the years 1954 to 
date. This report comes from King’s College, University of Durham, Newcastle upon Tyne, England. 

Chapter 8. The Electrical Properties of the Earth’s Interior.— This very well-written chapter of 23 
pages describes our present knowledge of the electrical properties of the mantle and core of the earth. 
The assumption is made that the properties of the earth are functions of the radial distance only, ex- 
cept perhaps for local variations of at most a few kilometers extent. These, of course, may be neglected 
in examining the broad picture of the earth’s Interior. The 34 references given at the close of the chap- 
ter are quite adequate. This report also comes from King’s College, University of Durham, Newcastle 
upon Tyne, England. 

NorMAN H. RICKER 
University of Oklahoma 
Norman, Oklahoma 
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Continuous Gravity Measurements on a Surface Ship with the Graf Sea Gravimeter, J. Lamar 
Worzel, Journal of Geophysical Research, Vol. 64, 1959, pp. 1299-1315. 


This paper discusses instrumentation and outlines results of continuous recordings of the Graf 
Sea Gravimeter on a cruise from New York through the Mediterranean Sea and return. 

The meter was mounted on a stable platform on a large (18,000 ton) fin-stabilized ship to mini- 
mize horizontal and vertical acceleration corrections. The gravimeter consists of a horizontal alumi- 
num boom supported by horizontal helical springs with strong eddy-current damping. The boom 
position is read by a differential photocell circuit. The wave motion causes as much as 100,000 mgal 
variation but this is reduced by the instrumentation to 16 mgal peak-to-peak on the record. The sta- 
tion reading is obtained by drawing an average line through the oscillations on the record and the 
accuracy is believed to be of the order of +5 mgal. Comparisons to previous gravity measurements 
made in a submarine show errors attributable to differences in navigational location. 

Two examples of profiles across seamounts may be of interest to those concerned with isostasy. 
One seamount near Bermuda is 15 miles in diameter, 8,400 ft high, and the top is 4,500 ft beneath the 
ocean surface. Its gravity profile of 115 mgal relief appears normal and can be explained if the sea- 
mount has a density of 2.7. The Cruiser Seamount, near the Azores, is much larger. It is 87 miles 
wide, 13,000 ft high, and lies 700 ft beneath the surface. Its gravity profile has 200 mgal total relief 
and shows a central positive anomaly flanked on both sides by gravity minima. The minima are 
shown in Figure 12 to be related to a downbowing of the M-discontinuity. The reviewer believed 
that this may imply that the critical size of a mass requiring isostatic compensation lies between 15 
and 87 miles in diameter, at least in the ocean basins. 

This is an important new tool for geodetic work in the oceans. It could be used for regional work 
in outlining basins for petroleum exploration, especially if smaller ships prove satisfactory. 

W. L. BAsHAM 
Standard Oil Company of California 
La Habra, California 


Airborne Gravity Meter—Description and Preliminary Results, H. T. Lundberg and J. H. Ratcliffe, 

Mining Engineering, Vol. 11, 1959, pp. 817-820. 

This article describes the airborne gradiometer which is in a preliminary state of development. 
The readings are qualitatively related to the vertical gradient, dg/dz. Two masses are suspended on 
either side of a balance, one mass lower than the other. If the system is moved into a region of differ- 
ent vertical gradient, a new equilibrium position will be reached. 

The damping method is unusual. The balance is alternately clamped in position and then released 
to oscillate about the equilibrium point. The position of the system is read by determining the capaci- 
tance between one mass and a plate. 

The method of interpretation of the readings is not very clearly stated. 

W. L. BAsHAM 
Standard Oil Company of California 
La Habra, California. 


Resistivity Determinations from Electric Logs, Hubert Guyod, Hubert Guyod, 1957, $20.00. 


Resistivity Determination from Electric Logs by Hubert Guyod was written to outline procedures 
which can be used for solving true formation resistivities from apparent resistivities as recorded on 
the conventional electrical log. Background information necessary for the practical use of conven- 
tional resistivity curves is also included. The necessary analysis charts are included for determination 
of true resistivities from conventional electrical logs in a number of simple cases. The analysis charts 
can be used with electrical logs comprised of the 16 in and 64 in normals and the 18 ft 8 in lateral or 
the 16 in normal and the 10 ft and 18 ft 8 in laterals provided the conditions for the different hole and 
formation parameters are reasonably met. Charts are presented for single-bed and multiple-bed 
formations. Although the charts are primarily for non-invaded beds, a limited number of analysis 
charts are included for invaded beds. 
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Typical logs are presented for single beds (both invaded and non-invaded), multiple beds and 
sandwich-type alternating beds. These logs are valuable for comparison with field logs. It is necessary 
to study the curve shapes of the logs to determine the type of beds involved. Then, qualitative studies 
of beds of interest are possible. Multiple beds are the most frequently occurring situation in actual 
field-log interpretation and an understanding of the influence of multiple beds on the log can be aided 
by study of curve shapes from the Guyod sample logs. The sample logs are not applicable directly to 
the interpretation of field logs but illustrate the response of various logging configurations opposite 
known formation geometries. 

The Guyod analysis charts are best suited for use with lateral resistivity curves in cases where the 
main concern is the effect of adjacent beds on the zone of interest. However, more often than not, 
there are too many formation conditions for which no charts are available. It is extremely troublesome 
to learn all of the complications necessary to use the charts. 

The advent of focussed logging devices has relegated the classical normal and lateral curves to a 
minor position. The value of the Guyod departure curves will, therefore, become less important in the 
future. Eventually, the Guyod curves will only have value in the study of old conventional logs and it 
is questionable just how useful they will be then. 

R. A. WILSON 
Mobil Oil Company 
San Ardo, California 


Electric Analogue for Resistivity Logging, Hubert Guyod, Hubert Guyod, Houston, 1958, 137 pp., 
$50.00. 


Electric Analogue for Resistivity Logging by Hubert Guyod was prepared as a summary and analy 
sis of work done with an electrical resistance analogue for six major oil companies. The analogue was 
constructed to investigate a basic electrical logging problem—to derive true formation resistivities 
from recorded apparent resistivities. Well-bore and formation parameters were simulated in the 
analogue by electrical resistances. 

Formerly, departure curves were constructed mathematically. Several disadvantages were in- 
volved in this method. Charts could be made only for the simplest of conditions. Three-electrode or 
lateral-curve charts were made only for infinitely thick beds. The charts were not presented for easy 
determination of true resistivity. 

This book is in two parts. The first part describes the principle of the analogue, the method for 
recording data, and the accuracy of results from the analogue. The second part is an investigation of 
the response of normal and lateral resistivity curves on single-bed and multiple-bed configurations. 
It discusses the shapes of normal and lateral resistivity curves under different formation conditions. 
Apparent resistivities, methods of analysis, and other related topics are discussed for several normal 
and lateral spacings. 

The book is of no value for the quantitative interpretation of conventional electrical logs. It does 
have some value in the study of normal and lateral curve shapes for simple to moderately complex 
bed arrangements. However, even this use will become of only historical interest as focussed electrical 
logs continue to encroach on the use of conventional electrical logs. 

R. A. WILSON 
Mobil Oil Company 
San Ardo, California 


Analysis Charts for the Determination of True Resistivity from Electric Logs, Hubert Guyod and John 

A. Pranglin, Hubert Guyod, Houston, 1959, 202 pp., $22.50. 

This manual presents a method for determining true resistivities from an electrical log comprised 
of the.16 in and 64 in normals and the 18 ft 8 in lateral. Analysis charts are included for the determina- 
tion of true formation resistivity and, in some instances, the resistivity and extent of the invaded 
zone for single beds from 2 ft to 50 ft thick and for varying resistivities, hole sizes, and invasion diame- 
ters. The charts were constructed for a single, uniform and isotropic (invaded or non-invaded) bed 
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situated in a very thick uniform and isotropic formation, referred to as shale for simplification. The 
bed of interest has no mud cake and no low-resistivity annulus caused by filtrate invasion. Information 
is included for the use of the charts with non-uniform formations under certain limited conditions. 

Messrs. Guyod and Pranglin devote considerable space to the resolving power of resistivity curves 
using their method and to the effects of inaccuracies on the various pertinent factors of apparent re- 
sistivity, mud resistivity, shale or adjacent bed resistivity, bed thickness, and hole diameter. These 
discussions are necessary to enlarge the usefulness of the Guyod-Pranglin charts but at the same time 
they help point out the limitations inherent in normal and lateral resistivity curves. The application 
of more complex departure curves to overcome these limitations seems useless. 

Although this book is a supplement to Resistivity Determination from Electric Logs, it suffers from 
the same limitations. In actual practice, the analysis charts are not easy to use for log interpretation 
and they often result in no solution or a range of answers since too many conditions are not covered. 

Present logging trends indicate the increased use of focussed logs such as the induction log and 
laterolog or guard log for true resistivity determination. Conventional logs are still being run but their 
importance is declining. The Guyod-Pranglin departure curves will eventually only have use in the 
interpretation of old logs. While Messrs. Guyod and Pranglin have done a remarkably thorough job 
with the manual, Mr. Guyod has himself said, “This effort is really 15 years too late.” 

R. A. WILSON 
Mobil Oil Company 
San Ardo, California 


The Evolution of North America, Philip B. King, Princeton University Press, Princeton, New Jersey, 
1959, 189 pp., $7.50. 


Here is an eminently readable book which geologists will value as a review of the geology of 
North America and which those in related fields will find very useful as a summary of American geol- 
ogy and geologic principles in the light of current thought and recent data. The thorough and rigorous 
treatment will hold the attention of the most well-read geologist, but the non-geologist, too, will find 
the lucid and colorful style of Philip King interesting and understandable. The text is spiced lightly 
with personal and historical vignettes, but these are inserted with complete good taste and regard for 
context, and most readers will be left with a wish that they had appeared more frequently. Abundant 
and well-chosen illustrations contribute to the ease with which discussions of complex or controversial 
topics can be followed. 

Emphasis is upon structural development of the various elements which make up the North 
American continent, and sedimentary rocks are discussed largely in the light of their relationships to 
these elements. Reading between the lines, here is a statement of the great extent to which sedimenta- 
tion is at the mercy of tectonic adjustments. 

Although organization of the material is roughly chronologic, beginning with the Precambrian 
basement and concluding with the Pleistocene orogeny of the California Coast Ranges, the primary 
breakdown is by major geologic provinces. Considered in turn are the Canadian Shield, the unde- 
formed strata of the Mid-Continent, the Appalachian belt, the Gulf Coast and Caribbean areas, and 
the Western Cordillera including the Rocky Mountains, the Great Basin, and the Nevadan and 
younger ranges of the Pacific Coast states. This arrangement necessitates a flash-back technique to 
preserve the historical theme, but a sense of continuity has been skillfully preserved and the complex 
temporal interrelationships among these areas as they evolved have been made as clear as present 
knowledge permits. 

Interspersed with these topics are considerations of fundamental geologic problems such as the 
origin and significance of island arcs, deep sea trenches, and geosynclines; questions concerning con- 
tinental accretion, permanence of continents, and sources of sediments for marginal geosynclines; and 
more local problems such as the time-table for the Nevadan orogeny, the history of the great San 
Andreas fault in California, and the origin of basin-and-range structure. Controversial aspects of these 
topics are faced squarely, and evidence bearing on them is carefully summarized from all sides. The 
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author then has the fortitude and good grace to present his own conclusions. In his preface, King 
speaks of these as “. . . willful prejudices and outrageous hypotheses, some of which will not stand 
the test of time.” Among the strongly opinionated, there may be agreement with this evaluation but 
the general reader can proceed with the assurance that the ideas presented bear the authority of a 
lifetime of geological observation and experience and probably are as sound as any that can be pro- 
duced in our present state of knowledge. 

Although The Evolution of North America is broad in scope, it is no mechanical compilation by a 
“library geologist.” Rather, it is drawn in essence from Philip King’s many years spent with hammer 
and hand lens coming to grips with the rocks themselves. As a result, he has dwelled at length upon 
those areas in which his knowledge is first hand and to some it may seem that there is undue emphasis 
upon such things as the southern Appalachians, the Permian Basin of West Texas, and the California 
Coast Ranges. Areas such as these, however, are used as type examples to illustrate fundamental con- 
cepts and the author should hardly be criticized for selecting things about which he knows the most 
for this purpose. 

The Evolution of North America will not find use as a text or source book because it is not ex- 
tensively documented and admittedly not as comprehensive as it might be. It is, however, a book 
about American geology which is authoritative and conceptually sound, and it should rank high as 
recommended reading for all concerned with the subject. 

P. H. Masson 
Jersey Production Research Co. 
Tulsa, Oklahoma 


Modern Electronic Components, G. W. A. Dummer, Philosophical Library, New York, 1959, 472 pp. 
$15. 


The author of this volume is by no means a sciolist. He is the head of components research, de- 
velopment and testing at the Royal Radar Establishment, Ministry of Supply (Great Britain), and 
the author of several specialized books on components as well as of numerous articles in this field. 

Unfortunately, the author’s approach in the present book is not consistent and it is difficult to de- 
cide whether he had the specialist or the non-specialist reader in mind; or, perhaps he had hoped to 
appeal to both. One does not find the customary clarification in this matter in the author’s introduc- 
tory comments. 

There is much for the lay reader in this book. The style, for the most part, is non-technical, 
narrative, descriptive; the text is well illustrated with drawings and photographs; the print is clear 
on good quality high-gloss paper. 

In its 32 chapters, the book covers most of the commonly used electronic components, such as 
resistors, condensers, relays, switches, transformers, batteries, etc; several chapters are devoted to 
environmental considerations; there are also brief discussions on reliability, effects of vibration and 
shock, testing methods, packaging, etc. 

The specialist reader may grow weary of the book’s predominant emphasis on taxonomy. Tech- 
nically, the best chapters are: No. 5. Fixed Resistors, 6. Variable Resistors, 7. Fixed Capacitors, and 
8. Variable Capacitors. It may be of interest to note that the titles of these four chapters are identical 
with the titles of Dummer’s four specialized books published by Pitman in 1956 and 1957. 

The remaining chapters—while they contain fair bibliographies, some technical data and charts 

are for the most part descriptive and far too vague for the professional designer. For example, we 
read on page 276: “The simplicity of the transistor circuit as a switching device makes it extremely at- 
tractive as a relay.”’ Can a designer decide on the basis of this statement (which he certainly knew be- 
forehand) whether to use a transistor or an electromagnetic relay in his particular design? Inciden- 
tally, with the exception of two or three other scattered sentences, this is all that the beok has to say 
about transistors. 

The many obvious omissions in the book, including vacuum tubes, transistors per se, metallic 
rectifiers, as well as the frequently perfunctory treatment of important topics, are difficult to reconcile 








REVIEWS 705 


with the author’s tumid prefatory remark: “This is the first comprehensive book of its kind to be pub- 
lished in the world... .”’ 

This reviewer feels that the technically oriented reader will not gain appreciably by adding this 
volume to his library, particularly if he is already familiar with such works as K. Henney and C. 
Walsh, Electronic Components Handbook, McGraw-Hill Book Company, vol. I, 1957, vol. II, 1958, 
(vol. III in preparation), or even the older book: J. F. Blackburn, Components Handbook, M. I. T. 
Radiation Laboratory Series, vol. 17, McGraw-Hill, 1948. 

On the other hand, the present book may have some appeal to those laymen, in and out of the 
field of electronics, who have a genuine curiosity about electronic components and who are, further 
more, undeterred by the serious barrier of the $15 price. 

MarK HOLZzMAN 
Western Geophysical Company of America 
Los Angeles, California 
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MEMORIAL 





BELA HUBBARD 


Dr. BELA HuBBARD, a natural scientist, died in Tucson, Arizona, on Novem- 
ber 4, 1959 after recurrent heart trouble. His many friends throughout the wor!d 
were shocked and saddened by his sudden death. 

Dr. Bela Hubbard was born August 10, 1890 in Detroit, Michigan into one 
of the oldest and most respected of the colonial families of America. His first trip 
to Tucson was in 1897, when he was seven years old. He spent the winter with 
his parents at a desert camp at the site of the old Fort Lowell Ruins, which are 
less than a mile from the hospital where he died 62 years later. 

His father, Henry Guernsey Hubbard, graduated from Harvard in 1873 and 
became an entomologist for the United States Government; his books in the field 
of entomology are still well known among students. Henry Guernsey Hubbard 
traveled abroad searching the world for plants which might be useful to the 
American economy. He achieved a wide reputation as a practical horticulturist 
and as a scientific investigator in the economics of orange culture. 
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His grandfather, also Bela Hubbard, graduated from Hamilton College in 
1834. In 1837 he was appointed assistant geologist on the Michigan Geological 
Survey and was one of the organizers of the American Association of Geologists 
and Naturalists, the forerunner of the present American Association for the 
Advancement of Science. In 1953 the Detroit Library Commission recognized 
this Bela Hubbard as “‘one of the important educational and scientific figures in 
Michigan history.” An old newspaper states, ‘Before the establishment of the 
United States Weather Bureau in 1873, the Hon. Bela Hubbard of Detroit began 
to do something about the weather and he did it in a scientific and systematic 
way. During the period between 1835 and 1886 he kept a record of the tempera- 
ture, atmospheric pressure, the daily precipitation, wind directions, the levels of 
the lakes, and even the occurrences of sun spots.” 

Bela first attended the Michigan School of Mines and later Wisconsin Uni- 
versity, where he specialized in mathematics and astronomy. Here, during the 
school year 1913-1914, he and C. W. (Tommy) Tomlinson built up a lasting 
friendship through the hours they spent together at the Washburn Observatory 
as the only two advanced students in astronomy. 

His undergraduate work was completed at Columbia University in 1914 with 
a B.S. degree. He was granted a Masters degree from the same institution in 
1916. In the summer of that year, he did field work in Puerto Rico and the Virgin 
Islands for his Ph.D. thesis, which dealt with Tertiary fossils of the Antillean 
region. This was among the first studies to show the presence of Miocene sedi- 
ments on Puerto Rico. In 1917, he worked for the Topographical Section of the 
U.S.G.S. 

There is no doubt that this mature attitude and fine scientific approach to 
all problems were enhanced by his close association with Amadeus Grabeau, 
James Ferman Kemp, Douglas Johnson, and Charles Berkey, his professors at 
Columbia University. He served as an instructor in the Paleontological and 
Stratigraphic Departments between 1915 and 1917. 

His graduate work was interrupted by World War I, when he went overseas 
as a Lieutenant in the 29th Engineers. He was at the front for more than six 
months and was with the army until the end of the war. He continued his studies 
at a French University before returning to the U. S. After returning, and while 
he was completing his dissertation, he was employed at Queen’s University, 
Toronto, Canada as an instructor. He was granted his Ph.D. degree from 
Columbia in 1922. 

While still at Queen’s University, he accepted summer employment with The 
Carter Oil Company of Tulsa, Oklahoma, and did geological work along the 
Rocky Mountain front in New Mexico in 1920. His work and methods were so 
outstanding that Murray Neumann selected him to explore northeast Peru late 
in 1920 for Standard Oil Company (New Jersey). Although commercial produc- 
tion had been discovered in Argentina, Peru, Trinidad, and Colombia early in 
the turn of the century, only a relatively small part of what now constitutes the 
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oil producing area of the continent had been examined for oil possibilities. The 
U.S. government and American oil companies, somewhat frightened by the pub- 
lished estimates of domestic reserves, began seriously to consider the potentialities 
of foreign countries, especially South America. Hubbard saw the opportunity 
for rugged pioneering in geology, with the prospect of attaining results that could 
help to alleviate a critical national situation. 

Field conditions abroad in the 20’s were arduous. Transportation in the re- 
mote areas was almost entirely on mule-back. Equipment was frugal. Local field 
assistants were untrained, usually physically weak owing to malnutrition and 
malaria, and the difficulties of foreign languages added to severe working con- 
ditions. It took patience and determination, along with geological inquisitiveness, 
to ferret out the potentialities of the difficult wilderness areas which the early 
geologists studied. Bela Hubbard possessed all these qualities. He exposed him- 
self to adverse climatic conditions without regard to his own comfort and health. 
He drove himself relentlessly in the field, and after a most difficult day he would 
spend the remaining waking hours compiling notes and discussing field problems. 
He was indeed an ardent explorer who contributed much of the background of 
later geological work which lead to substantial oil discoveries in the countries 
he visited. 

He first did reconnaissance in the Central Andes of Peru. His associates were 
impressed with his ability to do geology in the field under all conditions. M. A. 
Dresser recalls, ‘‘My most vivid recollection of Dr. Hubbard is a picture of him 
stalking off across country, under a broad felt hat, his pipe smoking like a chim- 
ney, while Gilbert Moore and I panted along in his wake trying to keep within 
sight of him—at an elevation of fifteen thousand feet.” 

From the high sierra country of Peru, Bela and his assistant, Gilbert Moore, 
surveyed their way down Rio Hullaga and later made extensive surveys along 
the Rio Santiago. Dr. Hubbard used novel methods to map this huge uncharted 
area of streams and jungle. His previous experience in astronomy served him in 
good stead and he succeeded in getting data and penetrating hostile country 
where others had failed. Experiences on “balsa” rafts traversing rapids (malpasos) 
on the swift streams point to the hazardous nature of this pioneering work. In 
the Santiago area, the geologists had interesting experiences with the Jivaro 
Head-shrinking Indians who were still savage at that time. On one occasion, 
Bela wished to visit a tribe of head-hunting Indians in the Rio Colorado country. 
With an interpreter, and an aged Indian guide, he approached a settlement which 
seemed deserted. Their only protection was a long spear carried by the old Indian 
and that seemed sufficient until suddenly another very old Indian appeared 
carrying an equally long spear. Immediately the two old men faced each other 
like fighting cocks, shaking their spears and jumping up and down in the dust 
while shouting at each other. Hubbard feared imminent bloodshed until his 
interpreter told him they were merely saluting each other. 

Later, the party tried for months to explore the upper part of Rio Ucayali and 
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Rio Pachitea but were unable to do so because of the current revolution of eastern 
Peru against the Lima government. During one of their attempts to break 
through the military patrols, they surveyed six hundred miles of Rio Ucayali, by 
taking tours of two hours each on the river steamer. During the revolutionary 
period, Hubbard did succeed in mapping an extensive seepage area at Ollanta, 
36 km southeast of Contamana. The party was placed under house arrest in 
Iquitos, but, on November 17, 1921, they escaped at midnight by chartered 
launch to the Brazilian frontier at Leticia, pursued by a revolutionist ‘‘gun boat.” 

Hubbard arrived in Buenos Aires in December, 1921, and completed the 
reports on his Peruvian work. In Argentina, he did geological and torsion balance 
work in Salta and Neuquen. About the middle of 1922, he was transferred to 
New York by Jersey Standard. On the ship voyage up, he met a charming young 
lady, Miss Florence Flynn, whom he married on August 16, 1922. Their only 
child, a son, Thomas Hill, was born in 1925. 

The Hubbards moved to Venezuela the latter part of 1922, where he remained 
until 1930. He was chief geologist and later chief geophysicist of Standard Oil 
Company of Venezuela and Creole Petroleum Corporation. Again, he did real 
pioneer work. Early in 1923, a question arose concerning the location of certain 
boundaries near the Perija Mountains, west of Maracaibo. Hubbard’s survey 
party was organized and, during the course of the survey, the party was attacked 
by the hostile and savage Motilone Indians; their escape route was sealed off. 
The story of their rescue reads like fiction! The manager in Maracaibo, Frank A. 
Dalburg, claimed he had a dream that the survey party had been wiped out by 
the Motilones. At any rate, he dispatched a rescue party, consisting of a 6-ft 
Texan named Durbin (an ex-Texas ranger) and about fifteen Venezuelans, all 
well equipped with arms. They contacted the survey party just as it was under 
heavy siege. 

His knowledge of the regional geology became outstanding and after field 
training in geophysical methods, he used these additional methods to help locate 
prospective structures. He was largely responsible for the surveying of many of 
the basin areas of Venezuela with the torsion balance. The excellent correlation 
between gravity anomalies and geological structures, which he observed, gave 
him a life-long interest in gravity methods, and led him to urge the Jersey com- 
panies to carry on research on gravity instrumentation and interpretation. While 
in Venezuela, he also employed magnetic and refraction seismic methods. Al- 
though most of his later work was in geophysics, his approach to geophysics was 
that of a geologist rather than a physicist and he was ahead of his times in his 
geological interpretation of geophysical data. He was always interested in all 
methods of exploration and when geochemistry was introduced as a surface pros- 
pecting tool, it found support in Dr. Hubbard. When soil gas analysis was being 
extensively tested, Bela urged strongly that there should be some means of 
distinguishing between the recent and the ancient hydrocarbons even though 
most of his colleagues thought this was impossible. 
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From 1930 to 1935, he was geologist and geophysicist for The Carter Oil 
Company in Tulsa, Oklahoma, where he was largely responsible for instituting 
reflection seismic surveys by that company. In 1936, he moved to the New York 
office of Standard Oil Company (New Jersey) as assistant chief geologist and 
chief geophysicist until 1947. Here, he became acquainted with exploration on 
a worldwide basis and made many trips abroad. One of his trips was to Mexico, 
where his associates were developing a unique application of electrical restivity 
methods to locate faults and fracture zones in the Ebano District. He gave his 
enthusiastic support to this program and made a number of constructive sug- 
gestions for improvement in field and interpretation methods. Other places 
visited and where he was familiar with the geophysics and geology were Trinidad, 
Colombia, Ecuador, England, Italy, Austria, Hungary, Jugoslavia, Romania, 
Czechoslovakia, Poland, Germany, and Egypt. 

During 1947, he moved to Tucson, Arizona, but continued active service with 
the Jersey Company until his early retirement in 1950. He continued consulting 
work for Jersey and carried on a wide range of studies on his own. An outstanding 
research study pertained to the crystallographic analysis of waxes produced by 
biological processes. He noted the alternating abundance of waxes of odd and 
even carbon numbers and felt this distribution was significant. Years later, 
Meinschein and his co-workers demonstrated that of the hydrocarbons in recent 
sediments, those with an odd number of carbon atoms are more abundant. His 
work on waxes was done at home. When he needed a more intense knowledge of 
chemistry, he studied chemistry, and when he needed apparatus, he made it. His 
microscopic pictures of waxes are without equal. 

During his residence in Tucson, Bela became interested in the water supply 
problems of the area. He maintained very accurate weather data, and measured 
the rise and fall of the water level in his water well. From his studies, he con- 
cluded that the local water supply was a serious problem and that if the popula- 
tion continued to expand, the water supply would not be ample. 

During retirement, his interests were broad and he was alert to the political 
and economic problems that confronted the country. His book, ‘‘The Political 
and Economic Structure,’”’ portrays his depth of scholarship; practically every 
type of government is described in this treatise. He predicted that inflation would 
go on unabated and that the politicians would talk of curbing it but would not 
do anything. 

In Tucson, he also became active in a number of conservative political organi- 
zations. He was one of the founders and the first President of Education Infor- 
mation, Inc., which concerns itself to a considerable extent with the policies of 
American public schools. He was a member of the policy board of Liberty Lobby, 
and, in addition, active in the organizations for America and Liberty and 
Property, Inc. The latter organization, in 1959, published his booklet entitled 
“The Hybrid Race,” which warns against the dangers of Americans being “brain 


washed” as to the dangers of race mixing. 
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His hobbies were photography, including microscopic and astronomical, 
making various objects of cut and polished stone in his well-equipped basement 
lapidary, and collecting old, rare editions of literary classics. He was particularly 
fond of fine leather and most of his rare editions had been rebound. Bela spent 
much pleasurable time in continuing his study of astronomy and built a fine ob- 
servatory with a movable dome at his home in Tucson. His little observatory was 
a center of interest for some students at the University of Arizona, as well as 
many youngsters in the public schools. 

Bela Hubbard became a member of the Society of Exploration Geophycicists 
in 1930 and was Secretary-Treasurer in 1934-1935. Further he was a member of 
The American Association of Petroleum Geologists, American Institute of Mining 
and Metallurgical Engineers, American Geophysical Union, Mineralogical Society 
of America, Society of Military Engineers, American Association for the Ad- 
vancement of Science, the Society of the Sigma Xi, The Geological Society of 
America, the American Geographical Society, the New York Academy of Sciences 
and the Paleontological Society. 

Bela Hubbard is survived by his wife, Florence Flynn Hubbard, and his son, 
Thomas Hill Hubbard, his sister, Mrs. Alice H. Carpenter, of Oracle, Arizona, and 
a brother, Henry Gurnsey Hubbard, of Quartzite, Arizona. 

The same thread of enthusiasm runs through the comments of all his friends. 
To name only a few men, unanimous in their rating of him, are Ludwig Blau, 
T. V. Moore, Murray Neumann, Glenn Hawkins, Wallace Pratt, D. C. Skeels, 
W. G. Argabrite, Dave Carlton. He was a first-rate scholar of outstanding intel- 
lectual honesty, with wide interests based upon a firm grasp of facts in many 
fields; he was also a generous, warm and sympathetic friend. We, who knew him, 


will miss him very much. 
G. M KNEBEL 





CONTRIBUTORS 


R. J. Brop graduated from the University of Texas in 
1956 with a B.S. in geology. He has field experience in 
geology and gravity surveying. For the past two years he 
has been primarily engaged in aeromagnetic interpretation. 
Mr. Brod is employed by the Gravity Meter Exploration 
Company of Houston, Texas. 





R. J. Brop 


Joun W. Mites attended the California Institute of 
Technology where he received B.S., M.S., A.E., and Ph.D. 
degrees. In 1945 he joined U.C.L.A. as an Assistant Pro- 
fessor. He studied at the University of New Zealand in 
1951 and at the University of London for a period in 1952. 

Mr. Miles is presently a Professor in the Department 
of Engineering at U.C.L.A. and is a Consultant for Space 
Technology Laboratories. 
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CONTRIBUTORS 


Jack W. PerTers received the degree of Geological 
Engineer in Geophysics from the Colorado School of Mines 
in 1938. From 1938 to 1953 he was engaged in gravity and 
magnetic exploration for the Magnolia Petroleum Com- 
pany. From 1953 to 1960 he was Regional Geophysicist for 
Mobil Producing Company and presently is Staff Geo- 
physicist for Mobil Oil Company. 

He served as Ist Vice-President of the Montana Geo- 
physical Society in 1956 and as President in 1957. 

His professional affiliations are Society of Exploration 
Geophysicists, American Geophysical Union, Montana 
Geophysical Society, Billings Geological Society, Tau Beta 
Pi and Sigma Gamma Epsilon. 


Jack W. PETERS 


TerRRY W. SPENCER received the B.A. degree with 
highest honors in physics at the University of California 
at Los Angeles in 1951. He began graduate work in physics 
at the Massachusetts Institute of Technology where he 
served as a teaching assistant. In 1952 he was awarded the 
Lane Wells Fellowship in geophysics at the California Insti 
tute of Technology, which he held for three years. In 1956 
he received the Ph.D. degree in geophysics for studies in 
elastic wave propagation. Since that time he has been as- 
sociated with the California Research Corporation where 
he has been engaged in basic studies in theoretical seis 
mology. 

On a part time basis, he has participated in the Uni- 
versity of California Extension Program as a lecturer in 
physics and mathematics. 

Mr. Spencer is a member of the Society of Exploration 


Geophysicists, Phi Beta Kappa, and the Society of Sigma TERRY W. SPENCER 
Xi. 
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James R. Wait was born in Ottawa, Canada. He re- 
ceived the B.A.S. and M.A.S. degrees in engineering physics 
from the University of Toronto in 1948 and 1949 respec- 
tively. At this time he was employed as a junior research 
engineer at the Hydro Electric Power Commission of 
Ontario. Returning for further graduate work to the Uni- 
versity of Toronto, he obtained the Ph.D. degree in electro- 
magnetic theory in 1951. 

From 1949 to 1952 Dr. Wait was associated with New- 
mont Exploration Limited of Jerome, Arizona where he 
conducted theoretical and experimental research in electri- 
cal prospecting. From 1952 to 1955 he was a section leader 
in the Defence Research Telecommunications Establish- 
ment in Ottawa where he was mainly concerned with theo- 
retical problems in radiation. He has been associated 
briefly with McGill University during 1954 and Colorado 
University in 1955 and 1957 where he taught graduate James R. Warr 
courses in antennas and propagation. At present he is a 
Consultant to the Director, National Bureau of Standards, Boulder, Colorado. 

Dr. Wait is a member of the Canadian Association of Physicists, the Society of Exploration Geo- 
physicists, U.S.A. Commissions III and VI of URSI, IRE Wave Prop. Comm. and is a past president 
of the Boulder Chapter of RESA. 





Biographies of the following authors appear in earlier issues of GEopuysics as follows: Roland G. 
Henderson, v. 20, p. 354; George Shumway, v. 23, p. 600; J. E. White, v. 25, p. 357 





SOCIETY ROUND TABLE 


COMMITTEES FOR THE YEAR ENDING IN 
EXECUTIVE COMMITTEE 


NOVEMBER 1960 


President: T. O. Hatt, General Geophysical Company, Houston, fexas 

First Vice-President: FRANK SEARCY, Continental Oil Company, Ponca City, Oklahoma 
Vice-President: DEAN WALLING, Western Geophysical Co. of America, Los Angeles, California 
Secretary-Treasurer: Putt P. Gasy, Consultant, Jackson, Mississippi 

Editor: NELSON C. STEENLAND, Gravity Meter Exploration Company, Houston 27, Texas 
Past President: E. V. McCotium, E. V. McCollum & Company, Tulsa, Oklahoma 


Nominations 
T. O. Hatt, Chairman 
E. V. McCoLi_umM 
O. C. CLIFFORD, JR. 
(To be appointed) 


Honors and Awards 
Roy L. Lay (’60), Chairman 
Paut L. Lyons (61) 

R. C. DunzapP, JR. (’62) 

Roy F. BENNETT (’63) 

O. C. CLiFFoRD, JR. (’64) 

SEG Foundation 

H. M. Turatts (’60), Chair- 
man of Trustees 

Bart W. Sorce (’61), Trustee 

RICHARD BREWER (’62), 
Trustee 


Constitution and Bylaws 
Curtis H. JoHnson, Chairman 
(Committee to be appointed) 


Scholarship Administration 
RosBertTC. KENDALL, Chairman 


AAAS Council 
Representative 


CHARLES W. OLIPHANT 


Distinguished Lectures 
J. W. Tuomas (’60), Chairman 
A. J. Hintze (’60) 
A. W. MuscRAvE (’61) 
CHARLES B. OFFICER (’62) 
T. C. Ricuarps (’62) 
GEORGE P. WooLLarp (’61) 


Safety 
KENNETH A. WEBB, Chairman 
R. N. BRANTLEY 
E. L. WELLS 
HERBERT FERBER 
G. M. H1ntz 
Don V. BIGELOW 
Cart GERDES 
Jorn RICHARDS 
C. C. SELLERS, JR. 


Mining Geophysics 
STANLEY H. Warp, Chairman 
ROBERT BOWMAN 


KENNETH L. Cook 

Puiturp G. HAaLLor 

Don R. MABEY 

D. J. SALT 

JoHN SUMNER 

H. LeRoy Scuaron, Chairman 
NELSON C. STEENLAND 
RoBEertT G. VAN NOSTRAND 


Membership 
Jackson YounG, Chairman 
AarT DEJONG 
MAYNARD W. HARDING 
Tom KING 
Sam TEASLEY 
RoBert L. TUCKER 

Publicity 
(To be appointed) 
Business & Finance 
FRANK Brown (’60), Chairman 
Epwarp H. WELTscH (’61) 


Publications 
RicHARD A. GEYER, Chairman 
W. M. Rust, Jr. 

Mark K. Smith, Jr. 
J. A. PEOPLES 


Subcommittee on Trans- 
lation of Russian 
Publications 
IRWIN ROMAN, Chairman 
Pau P. REICHERTZ 
J. J. Roark 
Reviews 

Cart H. Savit, Chairman 
James AFFLECK 
W. L. BAsHAM 
F. G. BLAKE 
PIERRIE L. GOUPILLAUD 
RoLanp G. HENDERSON 
NorMAN H. RICKER 
Josuva L. SoskE 
S. H. WarD 
IsmpoRE ZIETZ 


Index of Wells 
V. U. GaITHER, Chairman 

Case Histories 
D. P. CARLTON, Chairman 
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Geophysical Activity 
H. G. Patrick, Chairman 
K. L. Cook 
R. J. COPELAND 
HERBERT HOoveER, JR. 
SANTOS FIGUEROA HUERTA 
C. N. Hurry 
Dr. Kumi [pa 
Bart W. SorGE 
L. R. Tucker 


Radio Facilities 


Dr. S. KAuFMAN, Chairman 
JosEPH DELERNO, Jr. 
GLENN Harris 

W. A. McGarry 
DEAN MILLER 

J. O- Parr, Jr. 
ROBERT RADEBAUGH 
Davip G. SCHWEITZER 
LORENZ SHOCK 
DANIEL SILVERMAN 
MATTHEW SLAVIN 
EpwIn L. ToMLIN 
James E. WALKER 


Research 


J. P. Woops, Chairman 
F. G. BLAKE, JR. 

F. G. BoucHER 

C. H. Fay 

Joun C. HOLLISTER 
James F. JoHNSON 
THEODORE R. MADDEN 
A. L. PARRACK 

FRANK PREsS 

R. R. THomMPpson 


Saftey 


KENNETH A. WEBB, Chairman 
Don V. BIGELOW 

R. N. BRANTLEY 

E. L. WELLS 

HERBERT FERBER 

CARL GERDES 

G. M. KIntTz 

Joun RICHARDS 

C. C. SELLERs, JR. 


Delegates to I.U.G.G. 
Jack OLIVER (’60) 
W. A. HEISKANEN (60) 





Ark-La-Tex Ceesteieet Society 
(6), Shreveport, ., Chartered 
March 12, 1949, officers elected 
in May. Meetings: Monthly, last 
Monday, noon luncheon ($1.50), 
Captain Shreve Hotel. 

Virgil Teufel, pres. 

J. A. Boydstun, 9-pres. 

R. H. Wardell, secty-treas., West- 
ern Geophysical Co., 322 Fair- 
field Bldg., Shreveport, La. 


Canadian Society of Exploration 
Geophysicists (9), Calgary, Alta., 
chartered January 24, 1952, 
officers elected in February. 


Meetings: Monthly, no set sched- 
ule. 


Dr. M. B. Dobrin, pres. 

P. J. Savage, vice-pres. 

J. J. Hamilton, secty., Canadian 
Society of Exploration Geoph., 
Shell Oil Co. of Canada, Ltd. 
P.O. Box 880, Calgary, Alta., 
Canada. 

J. G. Goodwin, treas. 


me Gongiypetent Society (11), 

Casper, yoming, Chartered 

May 23, 1953, officers elected in 

May. Meetings: Monthly, ist 

Monday, 7:00 p.m. dinner 

($2.75), Townsend Hotel, Casper, 

Wyoming. 

G. L. Ellis, pres. 

B. A. Tuller, 9-pres. 

Robert Davenport, secty-treas., 
Wyoming Seismograph Co., 
Box 631, Casper, Wyoming. 


Coastal Bend Geophysical Society 
(24), Corpus Christi, Texas, char- 
tered ay 29, 1959, officers 
elected in May. 

Walter Pfennig, pres. 

J. W. Bolinger, 9-pres. 

James Vetters, freas. 

B. C, Johnson, secty. Forest Oil 
Corp., Box 1356, Corpus 
Christi, Texas. 


Cochabamba Geophysical Society 
(23), Cochabamba, Bolivia, char- 
tered May 4, 1959, officers elected 
in December. 

R. H. Matthews, pres. 

Charles W. Hyatt, v-pres. 

Noel C. Manning, secty.-treas., 
Geophysical Service Inc., Ca- 
silla #1437, Cochabamba, Bo- 
livia. 


Dallas Geophysical Socie (4), 
Dallas, Texas, chartered August 
7, 1948, officers elected in Decem- 
ber. Meetings: Monthly, usually 
2nd Monday, 8:00 p.m., Fondren 
Science Bidg., Southern Method- 
ist University. 

H. F. Dunlap, prer 

E. F. McMullin, ist o-pres. 

= S. Hathaway, 2nd 2-pres. 
W. B. Heroy, Jr., secty-treas., 
Geotechnical Corp., Box 28277, 
Dallas 28, Texas. 


Denver Geophysical Society (8) 
Meetings: Monthly, Ist Monday, 
5:30 p.M., dinner at 7:00 P.m. 
($3. 00), Petroleum Club, Den- 


Seba C. Hollister, pres. 

Arthur W. Black, v.-pres. 

Charles E. McMunn, secty-treas. 
Tower Exploration Inc., P.O. 
Box 156, Englewood, Colorado. 
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LOCAL SECTIONS 


Geophysical Society of Edmonton 
(22), Edmonton, Alta., Canada, 
chartered March 20, 1959, officers 
elected in December. 

A. S. Gibson, pres. 

R. F. Keller, 9-pres. 

R. D. Jacques, secty-treas., Mobil 
Oil of Canada, Ltd., Financial 
Bidg., Edmonton, Alta. 


Fort Worth Geophysical Society (5) 
O. A. Strange, pres. 
R. H. Dana, ».-pres. 
U. A. Rowe, secty. 
C, H. Thurber, treas., 
Oil and Refining Co., 
Forth Worth, Texas. 


Champlin 
Box 9365, 


Four Corners My ye Society 
(19), Durango, Colo., and Farm- 
ington, N. M., chartered June 19, 
1958, officers elected in May. 

. P. Badami, pres. 

. E. Endacott, Jr., /st 9-pres. 

J. F. Wright, 2nd o-pres. 

G. D. Sindorf, treas. 

L. E. Schneider, secty., Empire 
Geophysical, Inc., Box 1484, 
Durango, Colo. 


Geophysical Society of Houston 

2), Houston, Texas, chartered 

anne 14, 1948, officers elected 

in May. Meetings: Monthly, noon 

luncheon. 

D. P. Carlton, pres. 

S. P. Worden, /st 9-pres. 

K. A. Webb, 2nd 9-pres. 

S. M. Pena, treas. 

J. L. Bible, secty., 1045 Esperson 
Bidg., Houston 2, Texas. 


Jackson Geophysical Society (15) 
Joel Macgregor, pres. 
John Babb, »v-pres. 
Thomas Tillman, secty.-treas., Sur. 
Oil Co., P.O. Box 850, Jackson, 
Miss, 


Montana Geophysical Society (14), 
Billings, Mont., chartered April 
12, 1954, officers elected in De- 
cember. Meetings: Monthly, 2nd 
Monday, 7:30 pm. Billings 
Petroleum Club. 

W. H. Dawson, pres. 

Phil Hendrick, Ist v-pres. 

F, J. Felice, 2nd v-pres. 

Max Judy, secty.-treas., Sun Oil 
Co., Box 1896, Billings, Mont. 


New Mexico Set Society 
(18), Roswell, N chartered 
September 18, 1957, officers 
one in May. 
E. Lawson, pres. 

Reames M. W ‘oods, Ist v-pres. 

T. E. Daly, 2nd v-pres. 

R. W. Aldrich, secty.-treas., Mobile 
Oil Co., 714 Petroleum Bldg., 
Roswell, N.M. 


Geophysical Society of Oklahoma 
City (10), Okla. City, Okla., char- 
tered September 30, 1952, officers 
elected in May. Meetings: Month- 
ly, 2nd or 3rd Monday. 

res. 
. Ast o-pres. 
H. I: Fenton, 2nd 9-pres. 
W. S. Hart, treas. 
E. M. Peacock, secty., Sohio 
Petroleum Co., 1606 N. Broad- 
way, Oklahoma City, Okla. 


Pacific Coast Section (3), luncheon 
($2.75) Rodger Young Audi- 
torium, Los Angeles. 

F. F. Lambrecht, pres. 

Nolan A. Webb, v-pres. S.D. 

Fred G. Knight, v-pres. N. D. 

Tom Slaven, secty.-treas., Western 
Geophysical Co. of America, 
523 W. 6th St., Los Angeles, 
Calif. 


Permian Basin Geophysical Soci- 
ety (7), Midland, Texas, Char- 
tered January 30, 1950, officers 
elected in December. Meetings: 
Monthly, 2nd Tuesday, 7:30 
a Midland Women's Club. 

J. E. Clark, pres. 

E, Fickenger, Ist v-pres. 

B. H. Hinton, 2nd v-pres. 

S. T. Miller, treas. 

L. M. Scofield, secty., Burton Ex- 
ploration Co. Inc., 4513 W. 
Storey, Midland, Texas. 


Regina Geophysical Society (22) 

A. C. Armstrong, pres. 

M. Maclver, 2-pres. 

J. R. Muir, secty.-treas., The Cali- 
fornia Standard Co., 1836 
Smith St., Regina, Saskatche- 
wan, Canada. 


Coomipee Society of South Texas 
J. V Edmonson, pres. 
iy 4 ke lolph, v-pres. 
Donald W. Jones, secty.-treas., 
Sun Oil Co., 832 Milam Bldg., 
San Antonio, Texas. 


Southeastern Geophysical Society 
(13), New Orleans, La., char- 
tered April 1, 1954, officers elected 
in January. Meetings: Monthly, 
3rd Monday, noon luncheon 
($1.50), St. Charles Hotel. 
George Morgan, pres. 

J. T. McMaster, Ist 9-pres. 

D. R. Scheel, 2nd v-pres. 

O. J. Rauschenbach, secty.-treas., 
Continental Oil Co., 414 Caron- 
delet Bidg., New Orleans 12, 
La. 


Southwest Louisiana Geophysical 
Society (16), Lafayette, La., 
chartered January 4, 1956, offi- 
cers elected in December. 

Jack Wallner, pres. 

Walter Hurt, /st -pres. 

Richard Hollenbaugh, 2nd v-pres. 

Ned Pratt, treas. 

Lucius Geer, secty., Union Oil of 
California, Box 1224 OCS, 
Lafayette, La. 


Geophysical Society of Tulsa (1) 
Tulsa, Okla., chartered February 
2, 1948, officers elected in May. 
T. S. Green, pres. 

J. E. Hawkins, /st v-pres. 

K. S. Cressman, 2nd v-pres. 

B. L. Bass, secty., Geophysical 
Society of Tulsa, Texaco, Inc., 
P.O. Box 2420, Tulsa, Okla. 

Robert B. Fisher, treas. 


Utah Geophysical Society (17) 

L. D. Oster, pres. 

K. L. Cook, Ist 9- pres. 

H. H. Nuttli, 2nd o-pres. 

D. J. O'Halloran, secty.-treas., 
Standard Oil of California, 
P.O. Box 1076, Salt Lake City, 
Utah. 
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Asociacion Venezolana de Geofisica 
(20), Caracas, Venezuela, char 
tered January 5, 1959, officers 
elected in March. 

E. J. Assiter, pres. 

D. W. Danz, Ist v-pres. 

Gunther Fiedler, 2nd 2-pres 

Manuel Zegarra, secty., Asocia- 
cion Venezolana de Geofisica, 
Phillips Petroleum Co., Apar- 
tado 1031, Caracas, Venezuela. 

C. O. Hill, treas. 


STUDENT SOCIETIES 
AFFILIATED 
Colorado School of Mines Society of 
Student Geophysicists 
Joseph R. Anzman, secty. Depart- 
ment of Geophysics, Colorado 
— of Mines, Golden, Colo- 


0. 
Meetings: Monthly, 2nd Monday, 
4:00 P.M. 


Geophysical Society of Saint Louis 
University 
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Norman J. Guinzy, secty. 410 
Vandalia, Collinsville, Illinois. 
Meetings: Monthly, 2nd Wednes- 
day 7:30 P.M., meeting only, 
Institute of Technology. 


SEG Houston Student Section 
Billie Gail Dopslauf, secty. 2121 
Hollister, Houston, Texas 


University of Toronto Geophysical 
Socie 


B. R. Krause, secty. 502 Gilbert 
Ave., Apt. 107, Toronto, Ont., 
Canada 


University of Tulsa Student Geo- 
physical Society 
Fred D. Munzlinger, secty. De- 
partment of Geophysics, 600 
South College, Tulsa, Okla- 
homa. 
Meetings: Weekly, Thursday, 
4:00 p.m., Petroleum Science 
Bidg. 


Trans-Pecos Student Section 
El Paso, Texas 


Pennsylvania State University Geo- 
physical Society 
Wm. R. England, secty. College of 
Mineral Industries, University 
Park, Pa. 
Meetings: to be announced. 


University of Utah Geophysical So- 
ciety 
James D. Morgan, secty. College 
of Mines and Mineral Indus- 
tries, Salt Lake City 1, Utah. 
Meetings: Monthly, 1st Thursday 
Noon, Mines Building. Other 
special meetings to be an- 
nounced. 


A & M College of Texas Student 
Geophysical Society 

Edward C. Hanson III, secty. 

Geology and geophysics dept., 

A & M College of Texas, Col- 
lege Station, Texas. 





SOCIETY AFFILIATIONS 


American Association for the Advancement of 
Science 


SEG is affliated under Section E, Geology and 
Geography 
1515 Massachusetts Avenue 
Washington 5, D. C. 
Paul E. Klopsteg, President 
Paul A. Scherer, Treasurer 
Dael Wolfle, Executive Officer 


The American Association of Petroleum Geol- 
ogists 

A Cooperative relationship 

Box 979 

Tulsa 1, Oklahoma 
L. G. Weeks, President 
A. H. Bell, Vice-President 
H. T. Morley, Secretary-Treasurer 
G. E. Murray, Editor 
G. S. Buchanan, Past President 
R. H. Dott, Executive Director 


European Association of Exploration Geo- 
physicists 

Mutually affiliated 

30, Carel Van Bylandtlaan 

The Hague, Netherlands 


J. M. Bruckshaw, President 
V. Baranov, Vice-President 
B. Baars, Secretary-Treasurer 
O. Koefoed, Editor 

L. Solaini, Past President 


National Research Council, Division of Earth 
Sciences 


SEG is a member society 
2101 Constitution Ave., N.W. 
Washington 25, D. C. 
John N. Adkins, Chairman 
Harry H. Hess, Past Chairman 
Edward B. Espenshade, Jr., Chairman-Desig 
nate 
William R. Thurston, Executive Secretary 


Petroleum Exploration Society of Libya 


Mutually A filiated 
P. O. Box 900 
Tripoli, Libya 
R. E. Doan, President 
P. F. Burollet, /st Vice-President 
J. F. Rominger, 2nd Vice-President 
J. C. Wilson, Secretary 
P. Arni, Treasurer 
J. S. Cullison, Director 
R. S. M. Templeton, Director 





MEMBERSHIP APPLICATIONS RECEIVED 


Applications for active membership have been received from the following candidates. This pub- 
lication does not constitute an election but places the names before the membership at large, in ac- 
cordance with Bylaws, Article III, Section 4. References are listed in parentheses following the names 
of each candidate. If any member has information bearing on the qualifications of these candidates he 
should send it to the president within thirty days. 


APPLICATIONS FOR ACTIVE MEMBERSHIP 


J. G. Adams (J. M. Sharpe, G. E. Fritts, C. F. Wendenburg & S. B. Stewart) 
Luis Aguilera (J. G. Lievano, A. Krabath, O. DeSola & C. F. Calcanto) 
Lawson Seals Beatty (J. A. Smith, H. C. Kriegel & C. L. Hubbard) 
Anthony R. Barringer (H. O. Seigel, D. Wagg & R. H. Pemberton) 
Marvin A. Buskala (J. D. Horton, T. H. Braun, A. C. Austin & C. R. Partridge 
W. R. Chichester (T. O. Hall, C. Sappington & J. S. Spencer) 
George Bromley Clark (K. L. Cook, R. A. Black, R. R. Heinrich & C. L. Wilson 
William Harry Clark (G. Rempel, R. J. Bily, J. E. Procter & R. D. Fetherstonhaven 
Dee C. Daniels (C. F. Wendenburg, John M. Sharpe, G. E. Fritts & S. B. Stewart) 
C. F. Everts (R. F. Zimmerly, H. R. Renden, R. M. Treacy & R. H. Watson) 
Oliver J. Gross (M. A. Knock, J. G. Jones, J. H. Harding & W. H. Van Uchelen 
Frank M. Hall (E. L. Mount, J. P. Badami & A. Hrubetz) 
E. L. Hanson (L. Ramsey, D. F. Brennen, G. Castellucci & D. M. Steel) 
W. E. Held (F. L. Travis, H. B. Thomason, C. E. McMunn & J. E. Spencer) 
Walter Lee Kennedy (R. J. Hope, T. O. Hall, C. P. Sappington & J. S. Spencer 
Hilmer Paul Kuppers (W. M. Rust, Jr., R. R. Thompson, W. D. Mounce & C. L. Hubbard 
Horace T. Masterson (W. D. Mounce, F. J. Feagin, L. G. Howell & C. L. Hubbard) 
Ross L. Miller (G. J. Birge, T. B. Portwood, I. G. Weiske & C. Machnich) 
William Wallace Murray (J. W. Hammond, J. G. Jackson, R. W. Saubert & R. W. Mossman) 
Buddy Pierce (W. E. McCullers, J. A. Boydston, P. M. Mackey & J. F. Rielly 
Dale H. Reed (E. R. Brownscombe, S. C. Mut, H. F. Dunlap & F. A. Collins 
Marinus Jacobus Hendrikus Roep (R. H. T. Schut, A. Baber, S. Prins & J. R. Ley 
Charles Selman (N. A. Webb, R. N. Specht, J. E. Barthelemy, Jr. & J. M. Desmond 
Roy Carl Schultz (P. S. Stoutjesdyk, B. Dunlap, J. Kohler & P. Swenson) 
Richard Kelley Smith (J. W. Hammond, J. G. Jackson, R. W. Saubert & R. W. Mossman) 
Robert P. Sperry (B. J. Eubank, G. J. Haulsewe, D. F. Smith & R. L. Cole) 
R. F. Timo (T. P. Maroney, U. Colledan & L. Baulino) 
Masao Tatsugami (T. Kaneko, K. Mori, & T. Kawashima) 
W. J. Wells (W. H. Mayne, J. O. Parr, P. J. Rudolph & R. L. Milliken) 
APPLICATION FOR TRANSFER TO ACTIVE MEMBERSHIP 
Richard Harold Gervan (V. E. Child, J. F. Wright, J. W. Rogers & D. T. McCreary 
Judson B. Hughes, Jr. (B. W. Sorge, F. H. Agee, R. A. Paterson & M. Slavin) 
Jack Grynberg (R. H. Benish, E. B. Wasson, G. Anderson & J. W. Carey) 
Charles Leslie Lake (F. Searcy, L. E. Whitehead, H. M. Moody & A. W. Black) 
Robert G. McBeath (J. L. Stephens, R. C. Dunlap, Jr.) 
Thomas Gordon Michael (C. W. Blakey, E. H. Weltsch, B. F. Rummerfield & A. C. Austin) 
Herman Rudolf Van der Meulen (G. F. Coote, A. E. Pallister, J. M. Hinson & M. Aydin) 
William M. Oakley (W. H. Hawkes, Dr. B. A. Tuller, G. L. Ellis & R. L. Higgins 
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ANNOUNCEMENTS 





A new executive committee was announced at the annual meeting of the C.S.E.G. on February 
18, 1960. 

Shown, left to right, are the following: J. J. Hamilton—new C.S.E.G. Secretary, J. G. Goodwin— 
new C.S.E.G. Treasurer, P. J. Savage—new C.S.E.G. Vice-President, H. J. Kidder—retiring 
C.S.E.G. President. T. O. Hall—S.E.G. President, M. B. Dobrin—new C.S.E.G. President. F. Searcy 
—S.E.G. Vice-President. 


THE SOUTHWEST LOUISIANA GEOPHYSICAL SOCIETY NAMES 1960 OFFICERS 





i + “ _y Sf 4 


The Southwest Louisiana Geophysical Society recently elected the following officers: Seated from 
left to right are Dick Hollenbaugh (Petty Geophysical Engineering Co.) Vice-President, Walter Hurt 
(Sohio) President; Standing left to right are R. Ned Pratt (Sun) Treasurer and Lucius Geer (Union 
Oil Company of California) Secretary. 


~ 
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S.E.G. President, T. O. Hall (left), gave the presidential address that got things off to a good 
start. A.A.P.G. President, Lewis G. Weeks (right) spoke on energy supply and demand during the 
next one hundred years. 





S.E.G. President, T. O. Hall (center), presented awards for the Best Presentations of the 29th 
Annual International Meeting, to Francis Collins, Jr. (left) of the Atlantic Refining Company, and 
Frank J. McDonal of the Socony Mobil Oil Company. 
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PROCEEDINGS OF THE FIFTH WORLD PETROLEUM CONGRESS 
Proceedings of the Fifth World Petroleum Congress are now available, according to Mr. E. V. 
Murphree, Chairman of the Board of Directors of the Fifth World Petroleum Congress. 

The Proceedings consist of eleven volumes. There is a separate volume containing the technical 
papers and discussions for each of the ten Sections of the Congress. The General Volume describes 
the organization and events of the Congress and contains the General Lectures, speeches, and a list 
of all Congress members and their addresses. 

The technical volumes represent an unparalleled collection of up-to-date information supplied by 
outstanding leaders in the various fields of petroleum technology. As such, they are extremely valuable 
references for those working in these fields. 

The Proceedings are now being mailed to Congress attendees and other groups who placed orders 
in advance. A limited number of copies are available for sale from the American Petroleum Institute’s 
Publications Offices, 1271 Avenue of the Americas, New York 20, New York. 


THIRTIETH ANNUAL INTERNATIONAL MEETING SOCIETY 
OF EXPLORATION GEOPHYSICISTS 


The Thirtieth Annual Meeting of the SEG will be held next November 7-10 at the new Moody 
Convention Center in Galveston. This center offers ideal facilities for our meeting; it has two large 
meeting rooms on the second floor which can be thrown together as one if desired and a very large 





Moody Convention Center (center), Galvez Hotel (upper right), Buccaneer Hotel (lower left). 
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The Moody Convention Center Assembly Hall where the technical session will be held. 


exhibit space on the first floor. The facilities are generally similar to those of the Coliseum in Houston 
and the Memorial Auditorium in Dallas. The Moody Center is located facing the Seawall and the 
Gulf of Mexico and is between the Galvez and Buccaneer hotels and only a very short distance from 
either. 

The general plans for the meeting are similar to those of previous years. Registration will begin 
on Sunday, November 6. Monday morning will be a free time for attendances at exhibits and renew- 
ing acquaintances. The meeting will begin officially with a kick-off luncheon at noon Monday with a 
talk by a prominent leader in exploration who will emphasize the over-all theme of the meeting. 
Monday afternoon will be devoted to presidential addresses, reports, and one or two outstanding 
papers. The Tuesday morning session is planned as a symposium on geology and geophysics and their 
mutual contributions to “Total Exploration.” Tuesday afternoon will be devoted to a symposium 
at which will be presented recent developments in space technology with emphasis on mutual con- 
tributions of geophysicists to space technology and vice versa. Wednesday and Thursday will be 
devoted to general papers with two parallel Research Sessions on Wednesday and two parallel Mining 
Sessions on Thursday. The general plan is to have somewhat fewer papers than at previous meetings 
and to present material which will be of higher quality. To this end the assignment of papers to the 
program will be made on the basis of a complete manuscript or at least an extended abstract. This 
will require that material for papers be organized somewhat further in advance of the meeting than 
has been common in the past. 

July 1, 1960 is the deadline for submittal of papers which has been tentatively set by the Pro- 
gram Committee. 

At the present time there is, of course, plenty of room for good material. Members who are con- 
sidering submitting papers to be given at this meeting are urged to do so immediately and to indicate 
their plans to the Program Chairman or to one of the local Program Committee Members as listed 


herewith. 
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L. L. Nettleton, Program Chairman, P. O. Box 22007, Houston 27, Texas 

Lloyd Paitson, Vice-Chairman, P. O. Box 22007, Houston 27, Texas 

James A. Boydstun, Union Producing Company, Box 1407, Shreveport, La. 

P. J. Savage, Nance Exploration Co., Condon Bldg., Calgary, Alberta, Canada 

B. A. Tuller, Pan American Petroleum Corp., Box 40, Casper, Wyoming 

John W. Bolinger, Humble Oil & Refg. Co., Box 1271, Corpus Christi, Texas 

Roger Heggblom, Bolivian Gulf Oil Co., Casilla 1458, Cochabamba, Bolivia 

E. F. McMullin, Rayflex Exploration Co., 6923 Snider Plaza, Dallas 5, Texas 

Arthur W. Black, Continental Oil Co., 1041 Continental Oil Bldg., Denver 2, Colorado 
Ray F. Keller, General Geophysical Co., 10509-81 Ave., Edmonton, Alberta, Canada 

R. H. Dana, Dana Explorations, Inc., 1301 W. T. Waggoner Bldg. Ft. Worth, Texas 
Foster E. Endacott, Jr., El Paso Natural Gas Co., Box 977, Farmington, New Mexico 

Sam P. Worden, Texas Instruments, Inc., 3609 Buffalo Speedway, Houston 6, Texas 

John Babb, Delta Exploration Co., Inc., P. O. Drawer 2666, Jackson, Miss. 

W. H. Dawson, The Carter Oil Co., P. O. Box 318, Billings, Montana 

Royce E. Lawson, Humble Oil & Refg. Co., P. O. Box 1287, Roswell, New Mexico 

C. Lane Howell, Sohio Petroleum Co., 1606 N. Broadway, Okla. City, Okla. 

Nolan A. Webb, Richfield Oil Corp., 5900 Cherry Ave., Long Beach, Calif. 

E. E. Fickinger, Continental Oil Co., Box 431, Midland, Texas 

Fred G. Knight, The Ohio Oil Co., Box 193, Bakersfield, California 

B. F. Fulton, Imperial Oil Ltd., Derrick Bldg. Regina, Sask., Canada 

J. T. McMaster, Pan American Petroleum Corp., 414 Carondelet Bldg. New Orleans 12, Louisiana 
P. J. Rudolph, Petty Geophysical Engineering Co., P. O. Drawer 2061, San Antonio, Texas 
John A. Standridge, Phillips Petroleum Co., Box 1463 Oil Center Station, Lafayette, Louisiana 
J. E. Hawkins, Seismograph Service Corp., P. O. Box 1590, Tulsa 1, Oklahoma 

K. L. Cook, University of Utah, Dept. of Geophysics, Salt Lake City, Utah 

D. F. Warner, Cities Service Petroleum Corp., Apartado 3936, Caracas, Venezuela 


RESEARCH SESSION 
The Research Session, tentatively scheduled for Wednesday morning and afternoon, will include 
papers on highly technical subjects and basic research. Such papers should be submitted to R. R. 
Thompson, Chairman of the Research Session, Humble Oil & Refining Co., Box 2180, Houston 1, 
Texas, or to one of the following committee members: 
Mr. J. F. Bayhi, Jersey Production Research Co., 1133 North Lewis Ave., Tulsa 10, Oklahoma 
Dr. F. G. Blake, Jr., California Research Corp., P. O. Box 446, La Habra, California. 
Dr. Theodore R. Madden, Massachusetts Institute of Technology, Dept. of Geology and Geophysics, 
Cambridge 39, Massachusetts 
Mr. Robert B. Rice, The Ohio Oil Co., P. O. Box 269, Littleton, Colorado. 
Dr. F. A. Van Melle, Shell Oil Co., 3737 Bellaire Blvd., Houston, Texas 
Mr. Kenneth H. Waters, Continental Oil Co., P. O. Drawer 1267, Ponca City, Oklahoma. 
Dr. J. L. Worzel, Lamont Geological Observatory, Torrey Cliff, Palisades, New York 


MINING GEOPHYSICS SESSION 

The Mining Session, tentatively scheduled for Thursday morning and afternoon, will include 
papers on mining geophysics. Such papers should be submitted to Mr. John Sumner, Chairman of 
the Mining Session, Phelps-Dodge Corp., Box 991, Douglas, Arizona, or to one of the following 
committee members: 
Harold M. Mooney, University of Minnesota, School of Mines, Minneapolis, Minnesota 
Walter E. Heinrichs, Jr., 2943 E. Chula Vista Dr., Tucson, Arizona. 
Phillip C. Hallof, McPhar Geophysics, Ltd., 139 Bond Ave., Don Mills, Ontario, Canada 
Robert Bowman, Bear Creek Mining Co., 516 Acoma St., Denver, Colorado 
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ANNOUNCEMENTS 


Don R. Mabey, Geophysicist U. S. Geological Survey, Geophysics Branch, Menlo Park, California 
Mr. Robert G. Van Nostrand, Gulf Oil of Libya, Box 599, Tripoli, Libya 


THEME 
The theme of the meeting is ‘Total Exploration.” To follow out this theme the meeting will 
emphasize the mutual contribution of various geophysical methods and other data to the over-all 
exploration problem. The symposium on geology and geophysics is planned as a special contribu- 
tion to this theme. In a broader sense the planned symposium on the relation of geophysics to space 
exploration is also consistent with this theme. 





30TH ANNUAL INTERNATIONAL MEETING PLANNERS 


L to R: Richard H. Parker, entertainment; Dean Walling, SEG Vice-President; W. T. Lea, 
housing; W. H. Gibson, exhibits; A. A. Becker (behind Mr. Gibson) registration; R. M. Rogers, 
housing; Mrs. Paul Farren, ladies’ program; T. L. Kunkel (behind Mrs. Farren), exhibits; E.T. Miller, 
finance; Grace Bingham, publication; R. C. Hilton, arrangements; Sidney Schafer, publications; 
Robert B. Baum, registration; G. P. Montgomery, finance and general vice-chairman; W. Harlan 
Taylor, publicity; L. B. McManis, entertainment; L. L. Nettleton, Technical program; T. O. Hall 
(behind Dr. Nettleton), SEG President; O. B. Manes, arrangements; and Lloyd Paitson, technical 
program. W. B. Lee, general chairman, and C. P. Harkins, transportatign, were not present when 
the picture was taken. 

CORRECTION 

The abstract, by C. H. Savit on p. 1132 of the December 1959 issue of GEopnysics, was pub- 

lished erroneously in that it was a modified version of C. A. Woods abstract on p. 1150. 





PERSONAL ITEMS 
OBITUARY 

ROBERT WILKES BALDWIN, assistant manager of Newmont Exploration’s Geophysical Depart- 
ment, died Sunday afternoon, July 26th, some hours following a helicopter crash in an abortive 
landing attempt on Gilman Glacier, several miles north of Mount Crillon, Alaska. 

Mr. Baldwin was born in Toronto, Canada and graduated from Upper Canada College boys’ 
school, after which he served with the Royal Canadian Air Force as a radar officer in the Near East 
and the United Kingdom. He was awarded the B.Sc. degree from the University of Toronto, Engineer- 
ing Physics course 1949, having achieved honors standing in all four years. 

Directly on graduation he joined Newmont’s geophysical exploration and development group 
then being formed. His efforts contributed markedly to the early developments and use of the in- 
duced polarization method and to the evolution of the rigidly attached helicopter electromagnetic 
system, the field and interpretive procedures for which owe much to Bob Baldwin’s work. 

His induced polarization survey at Cuajone, Peru with rudimentary equipment, early 1952-1954, 
outlined sulphides, in part under 500-600 ft of later volcanics, and stimulated the additional drilling 
that proved the Cuajone ore body of the present Southern Peru Copper Company group. See Mining 
Engineering, volume 11, number 3, March 1959, pp. 307-314. 

With enthusiasm and humor he had carried his work to many lands, the peaks and caves of Peru, 
the arroyos and valleys of the Southwest and Mexico, the lake chains and tundra of the Canadian 
Barrens and the rain-drenched humid islands of the Philippines. Personal travel had reached Egypt, 
Asia Minor, Scandinavia and Japan. 

In June of 1954 at Arequipa, the white city of Peru, Bob Baldwin married Blanca Rivertti and in 
1955 returned with her to the United States. His wife and three children: Lawrence, Carmen and Rob- 
ert, survive. 

Bob Baldwin’s great strength was his zest, humor and equitability to the trials, reverses and un- 
certainties of exploration life. In a small frame and beneath a quiet manner he packed the indomina- 
bility of the early pioneer. To him, as but to few, applied Kipling’s pointed lines: 

“Tf you can meet with triumph and disaster, 
And treat those two impostors just the same; 


And which is more... you'll be a man, my son.” 


Bob Baldwin has left his example and influence with us here as few have done. We know his 
buoyant spirit moves onward. 
ARTHUR A. BRANT 


OTHER PERSONAL ITEMS 
Ep Haye, President of Photogravity Co. Inc. announced today that Geologist-Geophysicist 


Tom LrypHoLM has joined the company as Executive Vice-President. Mr. Lindholm, formerly of 
Denver, Colorado, worked for California Company in charge of the Gravity and Magnetics Dept. 


Jack N. MoreEuEAp, recently of Midland, Texas has opened an office as a consultant in explora- 
tion problems in southeastern Kansas. His Office is located in Chanute, Kansas. 


W. Dow Hamm was elected Vice-President of The Atlantic Refining Company, effective March 
15, Mr. Henderson Supplee, Jr., President announced. 

Hamm was appointed general manager of crude-oil production effective the same date. In this 
capacity he succeeds Laurence A. Sunkel, who will devote his attention to special crude-oil production 
activities, pending his retirement early next year. Sunkel will continue as a director and a Vice-Presi- 
dent of Atlantic. 

A graduate of the University of Oklahoma, Hamm joined Atlantic in 1942 as chief geologist. He 
has served as manager of domestic and foreign exploration since 1952. 
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The Atlantic Refining Company has announced the award of unrestricted grants of $1,000 each 
to ten colleges and universities in the south, southwest, and midwest. 

Receiving the $1,000 grants are University of Houston, Texas Technological College, Rice Insti- 
tute, Saini Louis University, Southern Methodist University, Texas A & M College, University of 
Texas, Tulsa University, Washington University, and Tulane University. 


An agreement has been signed for the exchange of 100% of the outstanding stock of Western 
Geophysical Company of America for common stock of Litton Industries, it was reported jointly 
by board chairmen Charles B. Thornton of Litton and Henry Salvatori of Western Geophysical. 
The amount of Litton stock involved was not disclosed. 

Western Geophysical, as an operating subsidiary of Litton, will continue with all of its present 
officers, directors, and present organizational structure unchanged, with Dean Walling as president 
and Henry Salvatori as chairman of the board and chief executive officer, the announcement stated. 


R. G. McCurstion, Supervisor for Empire Geophysical, Inc., has been transferred from their 
Midland Regional Office to Farmington, New Mexico. Mr. McCuistion will be assigned to supervision 
of field operations and interpretation for the firm’s seismic operations in the Four Corners Area. 


Southwestern Industrial Electronics Company, a division of Dresser Industries, Inc., 10201 
Westheimer Road, has been awarded a contract by the Martin Company, Orlando, Florida, to build 
240 signal conditioning modules for use on the Pershing Missile. The modules feature S.I.E.’s latest ad- 
vancements in solid-state circuitry and plug-in packaging design. 


GeEorGE A. PECK was appointed to the presidency of Southwestern Industrial Electronics Com- 
pany, of Houston, Texas, one of the Dresser Industries. 

Mr. Peck comes to S.I.E. from the Stromberg-Carlson Company of Rochester, New York. With 
Stromberg-Carlson, Mr. Peck was Vice-President and General Manager of the Electronics Division. 

Mr. Peck is a native of Buffalo, New York and received his elementary and higher education in 
Potsdam, New York, where he graduated as a chemical engineer from Clarkson College of Technology 
in 1937. Prior to joining Stromberg-Carlson in 1942, he was associated with the General Cable Cor- 
poration, the Upson Company, and the Standard Cable Corporation. 

Mr. Peck is a member of the Society of Plastics Engineers, The Armed Forces Communications 
Association, The American Society of Naval Engineers, The American Ordnance Association, The 
American Management Association and the American Society of Chemical Engineers. He is married 
and the father of three children. In his new position as President of S.1I.E., he will reside in Houston, 


Texas. 


KeitH R. BEEMAN, President of Southwestern Industrial Electronics Co., Houston, announced 
today that he is vacating his present position effective February 20, 1960. Mr. Beeman was co- 
founder of the company and its president since $.I.E. was founded in 1945. 

Mr. Beeman is accepting a new position with the parent company, Dresser Industries, Inc. In 
his new position, Mr. Beeman will continue to make his headquarters in Houston 


RICHARD L. FENTEM, Amerada Petroleum Corporation, has been promoted to Assistant Geo 
physical Supervisor. He is now on loan to Oasi. Oil Co. of Libya Stationed in Tripoli. 


Don A. HANSEN left the employ at Bear Creek Mining Company and established a management 
consulting firm to serve the mineral exploration industry. 

His associates in the present enterprise are Dr. George H. Hansen, formerly chairman of the 
Department of Geology at the Brigham Young University. Dr. Hansen is at present working in 
Indonesia, but upon his return will work with the organization. 

A second associate is Dr. Albert W. Heyer, Jr., a member of Schwartzlander and Heyer, con- 
sulting psychologists, Denver, Colorado. Dr. Heyer will provide professional assistance in the selec- 
tion and development of personnel of the client organizations. 
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Rex H. Wuite, formerly chief geophysicist, Producing Division, Karachi, Pakistan, for Sta1d- 
ard-Vacuum Oil Company is now chief geophysicist for Mobil Oil Francaise with headquarters at 
54 Rue de Londres, Paris 8e, France. 

R. E. Dor has been appointed to the position of Geophysics Associate—Applied Geophysics, La 
Habra Laboratory. He will be responsible for new methods development and application in the 
Geophysics Development Division. 

Mr. Doe has been with the Standard Oil Company of California since 1948. During the last two 
years he held the position of Staff Geophysicist with the Chevron Oil Company in Houston. 

B. C. Jones has resigned his position as geophysicist for the Superior Oil Company to take a 
position as geophysicist with the Ohio Oil Company, Box 3128, Houston, Texas. 

Joun McCormack has been appointed an Assistant Vice-President. He will continue in his duties 
as controller of GSI, but, in addition will co-ordinate the activities of the Personnel, Equipment and 
Industrial Engineering Departments. McCormack has been with GSI since 1957. 

J. W. Tuomas, GSI Vice-President and formerly manager of marketing has announced his inten- 
tion of retiring later in the year, after 30 years with GSI. He will continue to be associated with the 
petroleum exploration firm. 

R. H. Raney has been named to succeed Thomas as manager of marketing. Rainey, who joined 
GSI in 1947, has served as a field supervisor in the United States, Canada, and Australia. His last 
field post was as Far East operations manager in Singapore. 

RoBERT RyAN, formerly a junior seismologist with Mobil Oil Co., is now a geologist for the Central 
Illinois Light Company. 

C. HaypeNn ATCHISON has been promoted from division exploration manager to exploration co- 
ordinator for the British American Oil Producing Co. 

Rex WALLING, formerly district manager and division manager at Odessa for Grant Oil Tool 
Company, was transferred to Los Angeles and promoted to field supervisor in charge of branch opera- 


tions. 





CALENDAR OF MEETINGS 


1960 

June 
9-11 Acoustical Society of America, Spring Meeting, Providence, R. I 
15-17 American Physical Society, Meeting, Montreal, Quebec. 
19-24 American Institute of Electrical Engineers, Summer General Meeting, Atlantic City, N. J. 
27-29 Institute of Radio Engineers, National Conference on Military Electronics, Washington, 

B.C. 

August 
8-12 American Institute of Electrical Engineers, Pacific General Meeting, San Diego, California. 
23-25 Association for Computing Machinery, National Meeting, Milwaukee, Wisc. 


October 


2-5 Society of Petroleum Engineers of AIME, Fall Meeting, Denver, Colorado 

12-14 Third Annual Meeting, Southwestern Federation of Geological Societies, Abilene, Texas. 
19-21 Gulf Coast Association of Geological Societies, Biloxi, Mississippi 
31-Nov. 2 GSA Annual Meeting, Denver, Colorado. 


November 
3-4 Pacific Section AAPG, Los Angeles 
7-10 Society of Exploration Geophysicists, 30th Annual International Meeting, Moody Con 
vention Center, Galveston, Texas. 


14-16 API, Chicago, Illinois. 


1961 
February 
19-23 AIME Annual Meeting, St. Louis, Missouri. 


March 
20-23 IRE National Convention, New York City. 


April 
24-27 AAPG-SEPM Annual Meeting, Denver, Colorado. 


October 
8-11 Society of Petroleum Engineers of A.I.M.E., Annual Meeting, Dallas, Texas 
18-21 AAPG Mid-Continent Regional Meeting, Amarillo, Texas. 
25-27 Gulf Coast Association of Geological Societies, San Antonio, Texas. 
November 
2-4 GSA Annual Meeting, Cincinnati, Ohio. 
5-9 Society of Exploration Geophysicists, 31st Annual International Meeting, Denver, Colo- 


rado 
13-15 API, Chicago, Illinois. 


1962 
March 
26-29 AAPG-SEPM Annual Meeting, San Francisco, California. 
26-29 IRE National Convention, New York City. 
September 
17-20 Society of Exploration Geophysicists, 32nd Annual International Meeting, Calgary, 
Alberta. 
7-10 Society of Petroleum Engineers of A.I.M.E. Annual Meeting, Los Angeles, California. 
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Oct. 31-Nov. 3 Gulf Coast Ass’n of Geological Societies, New Orleans, La. 
12-14 GSA Annual Meeting, Houston, Texas. 


1963 
March 
25-28 AAPG-SEPM Annual Meeting, Houston, Texas. 
October 
6-9 (Same as above only in New Orleans 
24-28 Society of Exploration Geophysicists, 33rd Annual International Meeting, New Orleans, 


La. 


November 
13-16 Gulf Coast Ass’n of Geological Societies, Hot Springs, Ark. 
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Geology—Geophysics 
812 Continental Life Bldg. 


SIDNEY SCHAFER AND COMPANY 
Geophysicists and Geologists 


EXPLORATION CONSULTANTS 
Domestic and Foreign 


Sidney Schafer 2200 Welch Avenue 











FORT WORTH TEXAS Jack C. Weyand Houston 19, Texas 
H. B. PEACOCK HUBERT L. SCHIFLETT 
Consulting Geophysicist States Exploration Company 
9746 Avstabnis ‘Place Seismic, Gravity and Magnetic Surveys 
DALLAS 20, TEXAS 5313 Richmond Road Highway 75 North 
HOUSTON, TEXAS SHERMAN, TEXAS 
. C. POLLARD cary 
j.c ; H. B. SMYRL 
GEOPHYSICAL ENGINEERING 
- Portable Seismograph, Inc. 
SEISMIk GEOGRAPH GRAVITY 
MAGNETIC SURVEYS 706 Frost National Bank Bldg. 


a 
2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


San Antonio 5, Texas 





ROBERT H. RAY 
GEOPHYSICAL ENGINEERING 
ry 
GEOGR 
MAGNETI 
a 
2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


1PH GRAVITY 


SURVEYS 


SEISMI« 





SAM D. ROGERS 
Rogers Geophysical Company 


Rogers Explorations, Sociedad Anonima 


3616 West Alabama Houston 6, Texas 


NELSON C. STEENLAND 
Gravity Meter Exploration Company 
Geophysicist 


3621 W. Alabama Houston 27, Texas 





R. C. SWEET 
Geophysicist 


1111 Bering Dr. Houston, Texas 








C. WHITNEY SANDERS 
Consulting 
Petroleum Geologist-Geophysicist 


U. S. ard European Exploration 
1132 Bank of the Southwest Building 
HOUSTON 2, TEXAS 





Seismic Reviews Field Supervision 
KIRBY J. WARREN 
Geophysical Consultant 


909 Continental Life Building 
Fort Worth, Texas ED 2-9073 
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TEXAS 


CANADA 





E. DARRELL WILLIAMS 
Geophysicist 


Specializing in Radiometric Exploration for Oil 
3114 PRESCOTT ST., HOUSTON 25, TEXAS 
PHONE MA 3-3991 





JOHN H. WILSON 
Exploration Consultant 


1201 Sinclair Bldg. 
FORT WORTH, TEXAS 


GEORGE W. SANDER 
Consulting Geophysicist 


174 Douglas Ave. N., Phone 
Oakville, Ontario 








CHARLES C. ZIMMERMAN 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


W. F. STACKLER 
Consulting Geophysicist 
Phone CHery 4-7303 


1937 25th Avenue S.W 
CALGARY, ALBERTA 








WYOMING 





Exploration Geology 
Evaluations 


Seismic Reviews 
Seismic Supervision 


JOHN F. PARTRIDGE, JR. 
Consulting Geologist—Geophysicist 


P.O. Box 258 Room 211 O-S Building 
Phones 2-6485 and 2-3328 CASPER, WYOMING 








CANADA 





R. E. DAVIS 
Farney Exploration Company, Ltd. 


830-8th Avenue West 
CALGARY, Alberta, Canada 





JOHN O. GALLOWAY 
Petroleum Consultant 


805 Eighth Avenue South West 


AMherst 2-9018 CALGARY. ALBERTA 





THEODORE KOULOMZINE 
Geologist & Geophysicist 
Koulomzine & Brossard Ltd. 

P.O. Box 880, VAL D’OR Que. Canada. 
Rm 905, 80 Richmond st. W. Toronto, Ont. Can. 
Rm 1014, 132 St. James St. W. Montreal, Que. Can. 
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A Complete Geophysical Service 
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In the Hands 
of Experience... 





. .. you'll get an accurate picture of f 
oil-producing possibilities. Tidelands’ ‘= 
4 experienced crews and modern equip- aes 
ment assure positive results and high 
production. 
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FAILING 
RIGS 
ON THE 


Drilling shot holes 


FRONT LINE e in Libya with FAILING 
\ CFD-1B Combination Rig. 
(Prcture courtesy Wevern eee! Cor y, Les Angeles, Colitorma. 


| GEORGE E Fosting COMPANY 
A SUBSIDIAR BRAKE MPANY 


DIARY OF WESTINGHOUSE AIR BRA 
ENID, OKLAHOMA, U. S. A 








BERT F. DUESING, INC. 


“Selling Atlas Explosives” 
AND 


Manufacturers of Blasting Agents 


Magazines and Plant Magazines 


BIG LAKE, TEXAS HASKELL, TEXAS 


phone phone 
Big Lake 500 UNion 4-2456 
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ENGINEERED SEISMIC SURVEYS 
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. . . for ‘Jeep’ vehicles, International*, Chev- 
rolet, GMC, Ford, Land Rover and others. 


COMPLETE, READY-TO-INSTALL KING 
FRONT-MOUNT WINCH ASSEMBLIES 
FEATURE: 
@ winch side arms to reinforce truck 
frame 
e bronze-bushed, 4-way cable guide 
rollers 
e@ cable drum guard 
e@ heavy-duty pipe bumper 
@ needle-bearing, universal - joint 
spline-shaft drive assembly 
e Timken bearings on worm 


*King Winches for International 
trucks are available through In- 
ternational-Harvester dealers. 

King Winches keep you moving 

through the most difficult terrain 

. .. you get action where there's 

no traction with dependable pull- 

ing power. King power winches 

have pulling capacities of 8,000 

to 19,000 Ibs. 





ALL-STEEL CABS FOR jeep 


UNIVERSALS 


FULL AND HALF CABS 


Koenig cabs and King 
Winches for ‘Jeep’ 
vehicles are available 

through all author- 
ized ‘Jeep’ vehicle 
dealers. Write for free 


Model 550 Koenig Full Cab descriptive literature. 


and Model 151J King Winch 
aS ay Se KOENIG ALL-STEEL CABS HAVE THESE SUPERIOR 
FEATURES: 
@ PROTECTION @ SAFETY 
@ COMFORT @ CONVENIENCE 
Roll-down windows, full opening . . . full panel- 
board head lining and masonite door lining ... 
safety glass throughout . . . all-steel welded 
construction . . . door locks, 


IRON WORKS, Inc. 


P.O. BOX 7726R © HOUSTON 7, TEXAS 
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TYPICAL FULL RANGE . 


24-trace seismograph EXPLORER 


SALE 


i 
“ub KZ “i MeL 
AMPLIFIERS CONTROL 


. 


ene ae 


CAMERA DEVELOPER BATTERIES 


f 


CABLES & REELS 


In some of the world’s toughest as- 
signments, the EXPLORER Model 
8000 24-trace All-Transistorized Seis- 
mograph has effected reductions in 
recording personnel of 50 percent from 
the number required for the typical full 
range portable systems. Due to the re- 
duced weight and number of packages 
for amplifiers, batteries and intercon- 
necting cables, only seven men are 
required for the 8000 system. In foreign 
operations, the additional savings in 
manpower will be several times the 
number of packages eliminated due to 
release of support personnel. 


Of most importance, it is reported that 


Ud Lil : ro 
INTER-CON CABLES . i 
,¢.. 4 
4 au Lid 


POWER UNIT 


GEOPHONES 


FULL RANGE 
24-trace seismograph 
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: AMPLIFIERS-CONTROL CAMERA 
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— 


: DEVELOPER BATTERY & POWER 
e 


fi xz 
CABLES & on GEOPHONES 


EXPLORER 


the decreased time involved at and 
between each recording set-up with the 
EXPLORER Seismograph has approx- 
imately doubled production, and, of 
course, cut the cost per profile in half. 


Furthermore, the 8000 system is ef- 
fective over a wide range of frequen- 
cies, from high resolution to refraction. 
You have a wide selection of AGC 
fixed and TVG gain controls. 


The EXPLORER is the only com- 
pletely field-proved All-Transistorized 
Seismograph System. Let the TI engi- 
neer show you how it pays for itself 
in reduced operating costs, increased 
production, and unequalled reliability. 


*Now operating in Sumatra, Peru, Columbia, 
Mexico, France, Canada and South Louisiana, 


Write for Bulletin No. $-324 


TEXAS INSTRUMENTS 


INCORPORATED 
4 GEOSCIENCES & INSTRUMENTATION DIVISION 
~ 3609 BUFFALO SPEEDWAY * HOUSTON 6, TEXAS ® CABLE: TEXINS 
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RADIONICS Crystal-Controlled 
Triangular-Wave and Marker 
Generator provides a_ high- 
precision timing raster which 
greatly increases the usefulness 
of modern oscilloscopes in 
research on explosives, shock- 
tubes, ballistics, discharges, and 
other single-shot phenomena. 
A typical scope photograph is 
shown. Event is triggered at 
time T; signals appearing at 
times A, B, etc. are timed by counting triangle periods 
and interpolating marker dots. Sweep expansion is 
limited only by the number of triangles appearing in 
the single sweep (vertical), whereas timing accuracy is 
better than 2 percent of one triangle period and is 
independent of the number of triangles. When triangles 
and markers are locked and scaled to a crystal oscillator, 
reliable timing is assured. 


shown, 


produces 
marker pips for Z-axis modulation at 5, 10, 50, or 100 
psec intervals, while triangles are locked to markers by 
fast decade counters for intervals of 50, 100, 500, or 


Model TWM-2A Timing Generator 


NOW AVAILABLE... 
TIMING GENERATOR 
FOR PRECISION TIMING 
ONE-SHOT EVENTS 



























1000 ysec. For further information write to: 


RADIONICS, INC. 


76 CAMBRIDGE STREET ¢ 


Oes:gners and Builders of Apporatus for Medical Research since 1938 


BURLINGTON, MASS. 





NEW PRODUCTS 
AND SERVICES 


(Continued from page 10) 


Wincharger calls MAXI-WATT. In an- 
nouncing these new generators with 
MAXI-WATT, Mr. R. F. Weinig, Vice 
President and General Manager, stated 
that, “the power performance of the new 
Winco Engine Generators with MAXI- 
WATT exceeds normal expectancy. Maxi- 
mum power is available for heavy induc- 
tive loads beyond the probable capacity of 
ordinary generators of like size; maximum 
efficiency for highly economical operation 
with other loads.” 

The Winco 4B23S2D-F Series Engine 
Generators are rated at 4000 watts. They 
will start and power a 3 HP motor under 
full rated load; or will safely carry a 4000 
watt load of lights on a single 115 volt or 


230 volt circuit; or will carry many typical 
standby loads beyond the capacity of ordi- 
nary 3500 watt or 4000 watt generators. 


Each Winco model with the MAXI- 
WATT feature also includes as standard 
equipment Winco’s exclusive AUTO- 
MATIC CONSERV-er Idling Control 


which saves up to 60% in fuel cost, and 
the FULL POWER feature which makes 
full generator capacity available from a 
single outlet or circuit at 115 volts, or at 
230 volts, or a combination of the two. 
These new Winco Engine Generators with 
MAXI-WATT are available in electric, 
manual, or remote starting models; and 
with either carrying cradle or two-wheel 
dolly for easy portability. For complete de- 
tailed literature write or call Wincharger 
Corporation, subsidiary of Zenith Radio 
Corporation, Sioux City 2, Iowa. 


TF4 DUAL FLIP-FLOP 





The TF4 Dual Flip-Flop is one of a 
series of new, high-speed (3 megacycle), 
transistorized, digital modules. These 
highly reliable solid-state devices use 
neither eyelets nor printed circuit connec- 
tors, and consequently eliminate two ma- 
jor causes of failure frequently encoun- 
tered in etched circuit modules. 

Specifications of the TF4 Dual Flip-Flop 
include: Voltage, “One” ...—7 to —10 V, 
“Zero” ...0 to —0.3 V; Maximum rise 
time, no load . . . 0.04 microsecond, full 
load .. . 0.08 microsecond; Maximum load 
per output, number of clocked or DC gates 
... 7. Dimensions of the laminated epoxy 
mounting board are 334 inches x 4 inches. 
T. J. Smith, Sales Manager, PACKARD 
BELL COMPUTER CORP., 1905 Arma- 
cost Avenue, Los Angeles 25, California. 

(Continued on page 46) 
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ay The parent company, 


conducting domestic 


EXPLORATION CO. seismic explorations. 


Pres. M. C. Kelsey 


Wholly owned subsidiary, conduct- 
ing marine explorations with new 
Omni-Search system. 


EXPLORATIONS, INC. Pres. E. F. McMullin 


Wholly owned subsidiary, 
conducting foreign seis- ay 
mic explorations. Pres. 


J. F. Rollins MARINE, INC. 


Scientific Service Laboratories, Inc. 
Wholly owned subsidiary, designing, 
developing, producing scientific 
systems. Pres. W. B. Huckabay 


NOW 


4 companies 
forged into a 


stronger 
6923 Snider Plaza 


Phone EMerson 3-1531 chain of 
Dallas 5, Texas 


Cable: RAYFLEX service... 
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ASSURES MORE EFFICIENT, 
SUCCESSFUL EXPLORATION 


@ Improves gravity control and accuracy 
@ Recognizes and eliminates misleading surface 
effects 
@ Provides superior photogeologic interpretation 
@ Increases prospect definition 


@ Minimizes seismic costs 


TS coordination with our field parties enables 
us to place gravity control where it should be. By utilizing 
digital computers gravity data can be more perfectly tailored 
to the surface geology. Our photogeologic compliment has a 
long and successful record assuring you of the very best 
structural interpretation, particularly in areas of low relief. 
The increased definition provided by greater gravity reli- 
ability and corroboration of photogeology minimizes the 
seismic detailing required to pin down a drillable prospect. 

Are you capitalizing on coordination? Why not lead 
your company to less expensive oil finding. Investigate 
PHOTOGRAVITY! 


/ 
2 HOTOGRAVITY / PARK TOWERS BLDG. * JA 9-2523 
/ 1700 EAST HOLCOMBE BLVD. 
OMPANY, INC./ HOUSTON 25, TEXAS 


/ 
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WHEREVER MEN SEARCH FOR OIL 
yYou’LL FIND GLUE DEMON’ Bits 


Shot hole drillers the world ha find flaw 
Demon” Insert Rock Bits. Sup 
cost cutters for their exploratipa® 









‘ drilling % 
ea They know that “Blue Demon” 
, Bits, for all-purpose drilling, can pro- 
" duce more profiles per drill per day, 


the year around, than any other bits. 
Factory-controlled ‘“on-the-drill” bit 
service ... ANYWHERE .. . helps 
reduce their bit cost per foot too. 

Patented Hawthorne “Blue De- 
mon” Bits have also proven inher- 
ently better for world-wide operations 
because interchangeability of size and 
formation types of blades in the 
same bit body reduces inventory . 
AND vastly reduced bulk and weight 
requirements offer additional savings 
in handling, shipping and. storage 
costs. 


AVAILABLE IN POPULAR FRACTIONAL SIZES TO 
FIT ALL TYPES OF SHOT HOLE DRILLS. 


U.S. Patent Nos WRITE FOR ILLUSTRATED CATALOG 


2,615,684 Y ‘ 
2608 13 FAERB SAIN EEL ILA 
2.831.657 Y ye ae i ah ine, 


2,859,942 
2,890,020 Cable Address: HAWBIT « PF. 0. Sex 7366 .« Houston &, Texas 


2,894,726 262° 
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_ Belt or tape—for accurate 


magnetic recording of 
seismic data ask your 
supplier for 





rs REG. U.S. PAT. OFF. 


BRAND 


In geophysical work, as in dozens 
of other sciences, “SCOTCH” BRAND 
Magnetic Products provide the reli- 
able response needed for accurate 
data acquisition. 


Makers oi some of the most sensi- 
tive tapes used in instrumentation, 
“SCOTCH” BRAND has pioneered in 
developing the basic magnetic prod- 
ucts which leading manufacturers of 
seismographic systems include in 
their own catalogues. Belt or tape— 
AM or FM recording—for top out- 
put ask your seismographic supplier 
for “SCOTCH” BRAND—and compare 
the results. 

“SCOTCH’’ BRAND MAGNETIC PRODUCTS 


fo geophysical recording 


Minnesota Mirsine ane Misneracrenine company 
«+ WHERE OESEARCH 16 THE KEY TO TOmOeEZOW 
“SCOTCH” is a registered trademark of 3M Company, St. Paul 6, 


Minnesota. Export: 99 Park Avenue, New York, N. Y. In Canada: 
London, Ontario. 
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PRAKLA 


- CABLE: 


922847 


- TELEX: 


PHONE: 86661 
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BETTER 
SEISMOGRAPH 
SERVICE 












TEXAS SEISMOGRAPH CO.,INC. 


1502 EIGHTH 6 WICHITA FALLS, TEXAS 


















An easily read, clearly illustrated text on 


Modern Geophysical Techniques 





EXPLORATION GEOPHYSICS 


by J. J. Jakosky, Sc. D. 


In more than 1200 pages and 
with 715 illustrations, the 1957 
revised printing of Exploration 
Geophysics covers the entire field 
of exploration by modern geo- 
physical methods. It is concisely 
and clearly written by an inter- 
nationally known geophysicist, in 
close collaboration with 39 other 
leading authorities. 


Thirteen fact-packed chapters 
fully cover all contemporary 
methods; plus permit, trespass 
and insurance problems. A basic 
textbook for every geologist, 
geophysicist, engineer and phys- 
icist concerned with exploration, 
well logging and _ production. 
Adopted by many leading uni- 
versities, 





1 
; Send your money order or check for $12.50 for a copy of Exploration Geophysics on 
; 5-day approval. If you are not fully satisfied, merely return the book in its original 
! condition and your money will be promptly refunded. 

- TRIJA PUBLISHING COMPANY, 2502 W. COAST HIGHWAY, NEWPORT BEACH, CALIFORNIA 
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ABEM 




















carries out 


GEOPHYSICAL INVESTIGATIONS 


FROM THE AIR 


for 


ORE PROSPECTING 
OIL EXPLORATION 


AND 


CIVIL ENGINEERING 


ABEM 














GEOPHYSICAL INSTRUMENTS 


for 
@ Airborne EM and Magnetic Surveys 


e@ Ground EM, Magnetic, Electric, Seismic, and 
Gravimetric Surveys 


Underwater Seismic Surveys 





IN MINES AND 


Underground Magnetic Surveys 
BOREHOLES 


For further details about these geophysical services and 
instruments write to 


THE ABEM COMPANY 








DANDERYDSGATAN 11, STOCKHOLM, SWEDEN, 
er contact your nearest ABEM agent 














U.S.A. ENGLAND CANADA FRANCE SOUTH AFRICA AUSTRALIA 
Geophysica Craelius Company Moreau Woodard S.A. Craelius, 92 Norse t J. J. Masur & Co. 
Instrument and L ted, II arges | & Co., Ltd., Suite Av. des Champs Pty Ltd., 2 Pty. Ltd., John 
S Co 616 street, London 203, 69 Eglinton Elysées, Paris 8e Cullman B Street, P.O. Box 48 
B way, Denver W Avenue East Simmonds St South Melbourne 
2 12, Ontario P.O. 7 S.C.5, 

Joha 
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HELP You! 


. . solve the problem of a difficult location. We 
make accurate, reliable 


guavidy saweys 
You benefit from our acquaintance with oil prov- 
inces throughout North America . . . and our pre- 


cise interpretation of geophysical surveys based 
on the latest proven scientific methods. 


E. V. McCOLLUM CRAIG FERRIS EV. McCOLLUM & co. 
\_\ \4 


515 Thompson Bidg. Ph. LUther 2-3149 


TULSA, OKLAHOMA 





Foreign Affiliate: NAMCO International 
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F-71 STEREO VIEWER 


FOR OBTAINING STEREO DETAIL 
. FROM AERIAL PHOTOS 


PPh, Designed tor stereoscopic viewin 
50 ACIS of overlapping stereo pairs of ceria 
- ou photographs. Vacuum coated silicon 
t se | monoxi de mirrors. Hi-grade prisms 
\ a CY and mirrors. BRAND-NEW 


ay 
FOB N.Y. 


—— 
AIR PHOTO SUPPLY CORP. ”’ §{ = ler’ 








emon 
New York 57. New York 


WUUNBLEEGHUL Lissa dimes: 
XS RO JSA/V 
re 


DYNA-POINTS 























DYNA PUNCHES 
& KNIVES 


EXPLORATION PRODUCTS COMPANY 


500 W. Main St. -- Phone 6234 - Nite 2.9100 -- Box 445 -- Palestine, Texas 

















COMPANY MEMBERSHIP 


Is now available to any company or individual interested in promoting the objects of the SEG. 


MANUFACTURERS, SUPPLIERS and CONTRACTORS who do business with Geophysicists may 


now enjoy 

@ IDENTITY WITH THE PROFESSION 

@ SEG PUBLICATIONS AT MEMBER RATES 
@ NEWS OF THE PROFESSION 


FOR INFORMATION WRITE TO THE BUSINESS MANAGER 


SOCIETY OF EXPLORATION GEOPHYSICISTS 


Box 1536, Tulsa 1, Oklahoma 
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GENERAL 


equipment design, 


WHEN YOUR CONTRACT IS WITH | 


General’s geophysical services — exploration techniques, 


interpretation — are expressly coordinated to give you a better return 


on your oil prospect investment. THE PROOF? You enjoy a higher percentage 


of successful exploration. 


—Creneral,— 


GEOPHYSICAL COMPANY 
HOUSTON CLUB BUILDING + HOUSTON, TEXAS 


In Canada: 10509 81st Avenue, Edmonton, Alberta, Canada 
General Geophysical Company de France (SARL), 4 Square Rapp 
General Geophysical Company de Venezuela, C. A.,. Apartado 1871 
General Geophysical Company (Bahamas) Ltd., Bogota, Colombia 





@ WHEN YOUR CONTRACT IS WITH GENERAL, THE PERCENTAGE FOR SUCCESSFUL EXPLORATION IS IN YOUR FAVOR 











es TEN-TUBE 
Wy SHOT HOLE 


CASING ‘Mh 


WITH EXCLUSIVE uaa _ JOINT 


* 


% 
- 
: 





IN YOUR FAVOR 


@ WHEN YOUR CONTRACT IS WITH GENERAL, THE PERCENTAGE FOR SUCCESSFUL EXPLORATION IS 





LIGHTWEIGHT 
STRONG 

















TEX-TUBE, INC. houston, texas 


BATON 


Bakersfield, California 
Baton Rouge, Louisiana 
Beeville, 
Dallas, 
Houma, 
Houma, 
Houston 
Lafayette, Louisiana 

Mills, Wyoming 

Oklahoma City, Oklahoma 
Oklahoma City, Oklahoma 


FOREIGN 


Texas 
Texas 
Louisiana 
Louisiana 
Texas 


Calgary, Alberta, Canada 
Caracas, Venezuela 


EXPORT: New York City 


ROUGE, 


LOUISIANA ® LOUISIANA 


HOUMA, 


Par-Tain Exploration Co 

Tex-Tube, Inc 

H & T Sales Co. 

Engineering Supply Co 

Bilderback Dynamite Co. 

Tex-Tube, Inc 

Tex-Tube, Inc 

Bilderback Dynamite Co 

Teton Tool Co 

Deupree Distributing Co. 

Grove Hardware Co 
Seismic Service Supply, Ltd 
Venezuelan Supply, C. A. 
National Supply Co. Export Division 





FAirview 5-3764 
Elgin 5-1430 
Fleetwood 8-1642 
Fleetwood 7-2861 
UPtown 2-0861 
UPtown 2-0569 
OVerland 6-4351 
CEnter 4-6184 
CAsper 2-7181 
JAckson 8-6740 
JAckson 8-4886 
5-5691 

71-53-21 

Circle 6-3232 

















RT PACK 


FOR SHOT HOLE CASING 


Export Packs consist of 
ten joints each — weigh only 
130 Ibs. (19 gage), and 200 Ibs. 
(16 gage). 
Four such Export Packs are steel- 
banded together to make a 4-Pack for ease 
in shipping and handling. 
Threaded ends are protected by heavy, paraffin- 
coated, corrugated packing. On location, unpackage 
only what you need, as you need it. 


TEX-TUBE, |NC. 


1503 NORTH POST OAK ROAD ¢ HOUSTON, TEXAS 











ty 


contracts 


A. E. ““SANDY’’ McKAY 


Central Office 
Continental Life Bldg. 
Fort Worth, Texas 
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THE DECCA NAVIGATOR COMPANY LTD 
introduce 


~ 


























a new offshore survey system operating on 
high frequencies using lightweight equipment 


HI-FIX offers for the first time a system that is: 


precise, compact, lightweight, highly mobile and suitable for all forms 

of hydrography, offshore exploration, engineering survey, dredging, etc. 
free from the bugbears of ‘beat notes’, modulated transmissions, multiple 
frequencies, reference stations, wide bandwidths and interference. 


based on the sound principles and employing the same techniques as the 
Decca Navigator System which is now used in its basic forms by more than 
6,000 vessels, to say nothing of the many survey chains throughout the world. 

















HI-FIX equipment can be deployed in either the TWO RANGE or HYPERBOLIC forms by deploying 
the master station ashore or on the survey vessel, no equipment changes being required 


TWO RANGE HI-FIX HYPERBOLIC HI-FIX 
The two-range version gives the maximum The hyperbolic layout provides a 
accuracy obtainable from the system with only high accuracy service for an unlimited 
two shore stations and no /attice charts. number of users simultaneously. 


HI-FIX is the answer for those small inshore areas where hyperbolic or 
Two Range Decca is not justified on economic grounds. Normal 
Decca and HI-FIX stations can be co-sited to give the 

precision pattern inshore (lane identified by the normal patterns) 
combined with the long working range of the normal Decca System. 


THE DECCA WAVIGATOR COMPANY LIMITED - LONDON + ENGLAND 
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Western Conducts More 
Marine Seismic Surveys 

Than All Other | 
Contractors Combined! nt 


Additionally, 
estern’s land seismic parties 
and gravity crews 
are at work on four continents 


Every year since 1954, Western Geophysical Company 
boats have done well over half of ALL contract offshore 
seismic explorations in the world. 

This record reflects the considered judgment of many of 
the most respected people in the petroleum industry on the AL), i 
competence of Western men, techniques and instrumenta- / Yap Y?, i 
tion. When you consider your next geophysical survey, 


let us tell you more about the Western services that have GEOPHYSICAL COMPANY 


earned and held such confidence. ae We Anrauree 
Principal Office: 823 WEST SIXTH STREET - LOS ANGELES 14. CALIFORNIA 


AFFILIATE ANO REGIONAL OFFICES THROUGHOUT THE WORLD 
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(Continued from page 28) 
POWER SPECTRUM COMPUTER 


Adadeninlanc8 ng 





A dynamic range of approximately 8 
decades of power for frequencies from | cps 
to 10 kc is one feature of a new power 
spectrum computer built by Applied Re- 
search Associates. Input signals, either di- 
rect or from magnetic tape, are modulated 
into the pass band of maximally flat, 
tripple stagger-tuned filters having fixed 
bandwidths from 1 cps to 100 cps. The 
filter output is accurately squared and inte- 
grated to give the power density spectrum. 
Applied Research Associates, 6541 N. 
Lamar, Austin, Texas. 


POTENTIOMETER 





A new sub-miniature trimmer potenti- 
ometer for vitually all general purpose ap- 
plications has been announced by Atohm 
Electronics. Identical in size to their MIL 
Quality W-5 series, the W-51 trimmer has 
a standard range of resistances from 10 
ohms through 100,000 ohms, with tolerance 
+ 10%. These units, having .750 inch 
mounting hole centers, are available with 
12 inch flexible insulated wire leads, (W- 
51-F), solder lugs, (W-51-L), end mounted 
printed circuit pins, (W-51-P1). 

For complete engineering data, contact 
Atohm Electronics, 7648 San Fernando 
Road, Sun Valley, California. 








HERE’S 
THE 
GEOPHONE 
THE 


INDUSTRY 

IS 
WINGING 
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SUB-MINIATURE GEOPHONE 


Newest Star in the H-S Line 


Because of its extremely small size and handling ease, the 
HS-J opens the way to more efficient field operations with 
drastically reduced personnel and equipment requirements. 

In its compact package, this new geophone gives a remark- 
able performance, equalling that of other larger conventional, 
single coil types. Its high output is accomplished without sacrific- 
ing rugged construction, permitting the use of mechanical cable 
handling equipment and other time-saving, yet abusive, field 
techniques without damage. The HS-J is free from spurious 
resonances. 

Run your own tests with the HS-J. Hall-Sears will be glad to 
furnish trial quantities without cost or obligation. 




























HS-J 
Actual size 


SPECIFICATIONS 


14-30 cps 
Standard impedance: 215 ohms 
(Other impedances available) 

as | Basic unit 





Standard frequencies: 


Height: 1.1” 
Diameter: .875” 
Weight: 


x 4 








"CYCLES PER SEG o4\= 
ACCESSORIES a 
: . ; 0.3) * - 
A full line of attachments is available for land ¢ ee aa 
and marine applications. > “MS 768 


GUARANTEE 


The HS-J carries a full two-year guarantee against 
all hazards except burnout from external voltages. 





H OS a MN 8 a 


2424 BRANARD e HOUSTON, TEXAS, U.S.A. 
Phone: JAckson 6-2975 e Cable Address: HALSEA 







n,9 4 >) = 9 GF OB C3 «| IN SEISMIC INSTRUMENTATION 


SEISMIC INSTRU 
Durhom Road, Bor ” 


HALL-SEARS INTERNATIONAL bie Addres 


2424 Branard, Houston, Texas 
Cable Address: HALSEA 


11s c are < REDT o7 
European Branch Banstraat 2, The Hague, Holland HALL-SEARS HALL-SEARS ALBER A, - 


82 Hau 119 63rd Avenue 


>a Ville rance 
able Address S sigary, Alberta 
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Petroleum Exploration Surveys—GAS EXPLODER AND 
SPARKER 


Marine Engineering Surveys — SPARKER 


Survey Location Control PRECISION RADAR NAVIGA 
TION SYSTEM 


MARINE GEOPHYSICAL SERVICES CORP. 
2418 TANGLEY 
HOUSTON 5, TEXAS 
Phone — JA 6-4428 Cable — MARGEO 
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//W&T SURVEYING ALTIMETERS 


~~ @ SPEED HYDROLOGIC STUDY 
TYPE FA-176 OF RESERVOIR BASIN 


A ground-water and geologic survey, involving water table iso- 
grams for 400 square miles adjoining the proposed Canyon Dam 
Reservoir on Texas’ Guadalupe River, recently was completed 
in 35 days. Despite difficult terrain and maximum relief of 1000 
feet, over three hundred spot elevations were taken during this 
period. The speed with which this work was done is attributed 
to the use of the two-base method of altimetry employing three 
Wallace & Tiernan Type FA-176 Surveying Altimeters. 


Technical data on the FA-176 Altimeter include: Range — any interval 
of 2000’ up to max. limit of 5000’; Accuracy — 2.0’; Sensitivity — 0.5’; 
Scale Length — 20"; Dial Size — 812” dia. 


For details on FA-176, send for Bulletin No. A-1 


WALLACE & TIERNAN INCORPORATED 





25 MAIN STREET, BELLEVILLE 9, NEW JERSEY 
IN CANADA! WALLACE & TIERNAN LTD.,WARDEN AVE., TORONTO 13, ONT. 
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CUT UP-HOLE SHOOTING COST 
W/TH THE PORTABLE GT-7 


Velocities of seismic waves through weathered and subweath- 
ered layers can now be more accurately and economically 
determined with a Model GT-1 Geophysical Interval Timer. 
This compact, -precision instrument provides an immediate 
digital read-out — up to 255.75 milliseconds — of the travel time 
from initial impulse to the shock wave received by a geo- 
phone .. . with an accuracy of plus or minus 0.5 milliseconds. 
By eliminating the need for an entire seismograph system, the 
GT-1 will reduce — by more than one-half — the manpower and 
man-hours normally involved in up-hole shooting operations. 
Completely transistorized. and powered by self-contained dry 
cell batteries, the lightweight (17 Ibs.) GT-1 affords unlimited 
portability ... with reliability to match its rugged construction. 
The GT-1 Geophysical Interval Timer is another product of 
EIC’s advanced instrumentation program ... providing the 
solution to economical seismic exploration, 








EIn ELECTRODYNAMIC INSTRUMENT CORPORATION 
1841 Old Spanish Trail. +* Houston 25. Texas 
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ANNOUNCINE _ 


THE NEW | 
BUCYRUS-ERIE 


10 -R Rotary Drill 


for seismograph and shallow 
production drilling 



















Individual friction-drive clutches for all 
main machinery . . . double-drum draw 
works .. . heavy-duty, spiral, bevel rotary 
table with four speeds forward and reverse 
drive . . . continuous-type chain feed pull- 
down... hydraulically raised and lowered 
mast... wide choice of optional equipment. 

These are just a few of the proven 
Bucyrus-Erie features now available in this 
compact, highly maneuverable unit — the 
new 10-R rotary drill. 

Check into this new economy package. 
See how nicely it will handle your seismo- 
graph and exploration jobs, Write for com- 
plete information. Bucyrus-Erie Company, 
South Milwaukee, Wisconsin. 1$60 





Please mention GeopHysics when answering advertisers 























provides you with informations from the underground 


Z 


Seismos G.m.b.H., 
Wilhelm-Busch-StraBe 4, 
Hannover, Germany. 
Phon 7 08 31 

‘ Telex 09 22419 
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DO YOU HAVE THESE 
HEADACHES WITH 


SEISMIC RECORDS? 
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S1Zes not Uniform 


By duplicating your field documents on a 16mm microfilm 
and exposing each record individually in its entirety, Industrial 
Photographers can: furnish you with a continuous profile record 
section that is uniform in size and color; eliminate 98% of the 
bulk of your seismograph records; supply a negative that lasts 
indefinitely and from which duplicates can be made for just a 
few cents a copy. When reproduced on 16mm microfilm, dupli- 
cate prints of the original can be enlarged to full or half scale, 


or to a Seismo Copy® record section. 
P 


For immediate service or for descriptive details, write or call: 


te INDUSTRIAL 


PHOTOGRAPHERS 


C OM Fm mm VY 


Reproduction Specialists for the Oil Industry 


All record reproduction under the supervision of an 
experienced geophysicist. 





*Seismo Copy is a process especially designed for geophysicists. 
Seismo Copy gives you a continuous composite of the record (eae 
section on a reduced scale without splicing. Patent pending. Y 
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Take a NEW READING ON GRAVITY as an 
Effective, Economical Exploration Method 


If you have not used Gravity, or if your use 
has been limited in recent years, it will pay 
you to reappraise the benefits of this fast, 
low cost exploration method. Instrumenta- 
tion, operational techniques, and interpreta- 
tion have been greatly improved enabling 
many operators to provide specific and de- 
tailed geologic information. Originally, the 
Gravity Method was thought of primarily 
as a means of determining salt dome config- 
urations. Now, stratigraphic and structural 
information can be obtained such as: the 
areal extent and configuration of sedimen- 
tary basins; the maximum thickness and 
variation in thickness of basin sediments; 
regional structures within the basins; local 
and regional fault systems, including horsts 
and grabens, within the section; and local 
and regional thrust faults. 

To obtain the best results, use the world’s 
most proved gravity instrumentation . . . 

There’s a WORDEN Meter 
for Every Land Application 


The MASTER and PROSPECTOR model 
WORDEN Gravity Meters provide the most 


demanding operating specifications ever 
achieved in portable meters. They retain the 
true portability and flexibility of the quartz 
element design plus the exclusive “Universal 
Compensation” feature which extends the 
temperature compensated range up to 6600 
mgls. (world coverage). The MASTER is 
distinguished from the PROSPECTOR by a 
low power Temperature Stabilizer, which 
maintains a nearly constant internal tem- 
perature in spite of extreme outside thermal 
shocks. Both meters are available in Stand- 
ard and Geodetic models. 


The PIONEER is ideally suited for gravity 
programs in areas of limited latitude and 
temperature variations and where the need 
for less frequent base ties exists. Also avail- 
able in Geodetic model. 


The EDUCATOR gravity meter is intended 
to meet the needs of educational or training 
programs where the required tolerances are 
much wider than for commercial programs. 


Specifications for the respective WORDEN Gravity 


Meters are shown at right .. . contact TI's Gravity 
Department for additional information. 








Select Your 


Worden Gravity Meter 


from the widest 
combination of models 
and ranges in the 


industry! 
































When requesting a quotation, copy the the the 
specification categories in this column 


and specify the values desired from 
those found under the respective 
























meters. 
Minimum Recommended Operating aia , 
Range—Specify to nearest 100 mgls.* 3000 mgls. 3000 mgls. 2400 mgls. yr > 


plus latitude and elevation indication 

















Minimum Total Operatin pm 4) (Reset) Limited . . . Will be 
—Specify to nearest 100 mgls.* 5200 mgls. 5200 mgls. 4000 mgls. at least 2000 mgls. 
800 Dial Divisions x 800 Dial Divisions x a 
Small Dial Range Small Dial Constant Small Dial Constant 800 Dial Divisions x 800 Dial Divisions x 
2200 on Special Order) | (2200 on Special Order Small Diai-Constant Small Dial Constant 
- Standard .08 to .11 | Standard 08 to .11 [Standard .08 to .11 ‘ 
— > Constant—Specify constant mgl./Dial Division (From | mgl./Dial Division (From | mgl./Dial Division (From gigs mgl./ 
0.05-1.00 also available) | 0.05-1.00 also available) | 0.05-1.00 also available) eae 
i | li . 
bs ln Calibration Linearity over 1 part in 1000 1 part in 1000 1 part in 1000 1 part in 1000 
Small Dial Reading Accuracy 0.1 of Small Dial 0.1 of Small Dial 0.1 of Small Dial 0.1 of Smail Dial 
Division Division Division Division 





Temp. Stabilizer re- 
quires 1.00 watts 
power for a 100° F. 
differential. Four Re- 
chargeable “D” Size 
Batteries maintain 90° 
External Temperature Control F. differential for 10 None None None 
hours and are mounted 
in removable pack on 
side of meter. Any 4.5 
to 12 volt DC source 
may be substituted. 











} Self counting, read from top and directly coupled [Side and top reading, directly coupled (no gears 
Small Dial Mechanism (no gears for backlash) with screw which contacts [for backlash) with screw which contacts quartz 
quartz measuring spring. measuring spring. 








| — if ; 
sea’ sail en: ee 800 Dial Divisions x Large Dial Constant Geodetics not available 





















Large Dial Constant Standard 6.5 to 12.0 mgls./D.D. Geodetics not available 
Large Dial Calibration over full range Curve furnished with values accurate to one part i 
(8 turns) in 1000—measured over full range (8 turns). Geodetics not available 
Size, Inches: 
Diameter Y se 7” 51" 5" 
Height 14” 14” 10%" 1042" 
Weight, Pounds: 
Net 9% Ibs. 7% Ibs. 5% Ibs. 5% Ibs. 
Including carrying case 18 Ibs. 15% Ibs. 12 Ibs. 12 Ibs. 
"Price of meter is det ned mostly by the 
Ranges and Dial C t Specified 














| Write for Bulletin No. GM-206 
<. TEXAS INSTRUMENTS 


INCORPORATED 


GEOSCIENCES & INSTRUMENTATION DIVISION 
* ita aaa SPEEDWAY * HOUSTON 6, TEXAS ¢ “are ‘TEXINS 
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COMPETENCE ... based on twenty-eight years 


of professional service. 





EISMIC 


SE! OFFERS ... a group of experienced personnel—operational and staff. 
Equipment and technical standards controlled by our own laboratory. 


Leaders in modern methods of acquisition of seismic data and its 
interpretation in terms of geologic structure. 


SEISMIC EXPLORATIONS, INCORPORATED 
HOUSTON, TEXAS 
Midland Shreveport Denver 
Foreign Affiliate : Compagnie Reynolds de Geophysique, 


9 Rue du Marquis de Coriolis, Paris, France 
B. P. 14 Hussein Dey, Alger, Algeria 
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magnetic 
seismic recorder 
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@ 30-track magnetic-tape recording 
system: 24 seismic plus 6 auxiliary channels 


© High sensitivity (1 microvolt) and 
wide response range (1 to 220 cps) permit both 
reflection and refraction methods of operation 


@ Features unique gain control system: 

a) programmed gain control of the 24 seismic 
amplifiers by photographic film scanned 

by 2 photocells 

b) individual A.G.C. for each seismic amplifier 


@ Self-contained portable field outfit 
conveniently unitized in 6 all-weather sealed 
carrier cases 


@ Field monitoring with track-mixing 
facilities (2 or 3 tracks at atime) and 
continuously adjustable weighing control 
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ENGINEER'S FIELD NOTES 
Preject No 10-863-S4 
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Report from Rogers 


The true value of the final, the complete geophysical report stems from 
many mechanics, many techniques, many interpretations that follow the 
first survey. The final Rogers Geophysical Report is an expert and thus 
complete analysis of the known and unknown of your potential oil province. 
That is because the expertness of Rogers extends to all the vital links 
between the Report and the first planning. Completeness and expertness 
are Rogers’ bywords in geophysical prospecting. 


OGERS Geophysical Companies 


3616 WEST ALABAMA « HOUSTON, TEXAS 


Edificio Republica « Caracas, Venezuela 
Mogadiscio « Somalia 
34 Ave. des Champs Elysees « Paris, France 
1-3 Arlington St., St. James's « London 1, England 
Hotel Castellana Hilton « Madrid, Spain 
Tripoli, Libya « Algeria 
ROGER 8° CREW S&S Go EVERYWHERE 




















and HERMETICALLY SEALED 
HIGH INDUCTANCE 
LOW FREQUENCY 
SMALL SIZE 




















All standard units are matched on SIE designed matching bridges. Each SIE's Transformer Engineering department has wide experience in 
unit is matched in phase within + 5% of a standard model at 30 cps over design and manufacture of special purpose transformers. We invite 
a wide voltage range. Units matched to closer tolerances can be supplied your inquiries. 


Only a few of SIE’s complete line of transformers are described here. For full information order Catalog 105A. 












































IMPEDANCE—OHMS PRI. IND. DC RES. RESPONSE 
| HENRIES OHMS 1 DB POINTS 
' MODEL TURNS 
_ TYPE NO. Primary Secondary at 10 MV at100MV | Pri. Sec. CPs KC RATIO 
Input RI-1201 500CT /125 157,000CT 8 ll 92 10 85 1:17.7 
$1-2028 500CT 125 340,000CT 40 53 272 15 15 1:26 
Output RO-1203 20,000CT 5000 50CT, 25, 12.5, 3 1280 4000 20 2 10 20:1 
T0-2330 40,000CT / 10000 50CT 12.5 2300 3850 12.5 16 67 28:1 
interstage RA-1202 10,000CT ‘2500 90,000 270 330 2230 8850 7 3.5 3 
SA-2321 10,000CT /2500 90,000 585 690 2100 21000 38 3.5 1:3 
AVC Output SO-1549 20,000CT 60CT /15 825 3300 17 18.5:1 
500CT 100 6.3:1 
INDUCTANCE AT 30 CPS Q= we AT 100 MV 
HENRIES 
MODEL OC RES. PERCENTAGE 
NO. AT 100 MV ATIV 30 cps Max. At cps OHMS TAPS 
Reactor RC-1205 1050 1120 12 12.5 60 11,000 2-2% + 2-4% 
SC-1572 3600CT 3800 13 135 42 20,000 None 
RC-1256 100CT 103 8 14 120 2,225 1-2% 1-4% 
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SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 


A DIVISION OF DRESSER INDUSTRIES, INC. 
10201 Westheimer » P. 0. Box 22187 - Houston 27, Texas * HO mestead 5-3471 
CABLE : SIECO HOUSTON TWX: HO-1185 
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*Based on the physical 
relationship that ampli- 
tude of earth movement 
is proportional to the 
square root of the 
charge size. 





An ordinary geophone and a 25 
pound charge produced this rec- 
ord... NOW — the new SIE S-23 
double output geophone can pro- 
duce the same record with as 
little as 5 pounds*— save as LAND OR MARSH .. . HIGHEST SEN- 


much as 20 pounds of dynamite! 
SITIVITY OF ANY MINIATURE GEOPHONE 


An entirely new magnetic structure achieves 

twice the sensitivity at no increase in weight and 

a reduction in cost. Standard S-23’s have natural 
frequencies of 14, 18, 21, and 28 cps — other S-23’s with 


natural frequencies of 7 to 75 cps are also available. 


Remember that SIE offers complete cabling and stringing 




















Phone: 21-57-87 


2 
i service. Write or call for more information. 
—- f a 2), DRESSER 
ee : [5 inovermas SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 
—e sf Sad A DIVISION OF DRESSER INDUSTRIES, INC. 
—— # i oe CHemicar 
—— ae 10201 Westheimer « P. 0. Box 22187 - Houston 27, Texas - HO mestead 5-347] 
CABLE: SIECO HOUSTON TWX: HO-1185 
MEXICO CANADA EUROPE 
SIE Mexico Southwestern Industrial Electronics (Canada) Limited SIE Division of Dresser AG 
la Fraguo No. 13-201 5513 Third Street S. E., Calgary, Alberta, Canada Muhlebachstrasse 43, Zurich, Switzerland * - 
Mexico 1, DOF Phone: Chestnut 3-0152, 3-0937, 3-0964, 3-6922 Telephone: 32 84 87/89 + Telex: 52683 


Cables: Dresserzur Zurich 





The SIE on every package /s your guarantee... 


Your guarantee of fresh-from-the-factory recording supplies shipped in a 
matter of minutes — backed by a specialized quality control team that has 


been serving you for over 15 years! 
Using SIE recording supplies, Every Shot Counts, because: 
e Tapes are de-magnetized and electronically checked. 
e Each tape individually packed and serialized. 
© Precision ruled recording charts are guaranteed accurate to thousandths. 


© Photographic paper and film are specially packaged to geophysical require- 
ments, and guaranteed fresh. 

© At $500 or more per shot, you can’t take chances to save pennies. You can 
afford only the best — SIE. 


Call SIE— and make Every Shot Count! 


Call Eddie Nix anytime, HOmestead 5-3471 Houston (days), MOhawk 4-3765 (nights) 
Overseas, cable S/IECO, Houston. 








% 


.% or 
{yy steerer SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 


| ° ou vase A DIVISION OF DRESSER INOUSTRIES., INC. 
a.acrnome 10201 Westheimer + P. 0. Box 22187 + Houston 27, Texas - HO mestead 5-347] 
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CABLE: SIECO HOUSTON TWX: HO-11865 


MEXICO CANADA EUROPE 


SIE Mexico Southwestern Industrial Electronics (Canada) Limited SIE Division of Dresser AG 

la Fraguo No. 13-201 5513 Third Street S. E., Calgary, Alberta, Canada Muhlebachstrasse 43, Zurich, Switzerland 
Mexico 1, OF Phone: Chestnut 3-0152, 3-0937, 3-0964, 3-6922 Telephone: 32 84 87 89 + Telex: 52683 
Phone: 21-57-87 Cables: Dresserzur Zurich 





PORTABLE 


* TS ROR 


Future methods demand Hi Fidelity Full Spectrum FM Magnetic Recordings ! 


TRANSISTORIZED With the recent miniaturization of FM modules, more 
MINIATURE MODULES Geophysicists now specify the full spectrum SIE FM 
Recording System ‘“RecorData” — the only Jow power- 
drain all-purpose system for refraction, conventional and 

high-resolution seismic recording. 
In addition to the latest advancement in portability, the 

new “RecorData” (PMR-20) gives you: 


@ System performance not dependent on tape quality. 
@ No modulation noise. 
© Wide frequency response (1 to 500 cps). 


© Negligible phase shift from 5 to 500 cps. 
© A complete recorder in two packages. 


Write for free brochure. 
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SCUTHWESTERN INDUSTRIAL ELECTRONICS CO. 


A DIVISION OF DRESSER INOUSTRIES, INC. 
10201 Westheimer - P. 0. Box 22187 - Houston 27, Texas » HO mestead 5-347] 
CABLE : SIECO HOUSTON TWX: HO-11685 
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Tracking down a wildcat oil well is quite similar to a big game 
safari. The search is almost always conducted under the most diffi- 
cult of conditions and the inanimate quarry is extremely difficult to 
bring to bay. 


Republic crews are ''on safari’ throughout the oil country and 
they have an enviable record for success in the hunt for wildcats. 
Republic's modern magnetic field and playback equipment is de- 
signed to furnish oil men with the accurate geological and geophysi- 
cal data required for successful drilling. 


Before you start your next hunt for wildcats, talk with Republic 
. veteran of many a successful oil field safari. 


Write Republic, Dept. B, Box 2208, Tulsa, 
Oklahoma, for your copy of a U. S. map 
showing all major geological features. 


| PUBLIC EXPLORATION COMPANY 


7 / TULSA, OKLAHOMA — MIDLAND, TEXAS 
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DIRECT READING MAGNETOMETER 
THAT 1S PORTABLE AND FAST 





The Varian M-49 provides a maximum of magnetic data in a 
minimum ef field time 


The data is read off as an absolute value without further 
computation 


The Varian M-49 is a 16-pound instrument easily carried 
over a man’s shoulder. Every six seconds it gives an 
absolute reading of earth’s magnetic field at the spot 
where he stands. No level- 
ing or specia! orientation is 
needed. The reading is in 
gammas, accurate to plus or 
minus 10. Over the instru- 
ment's entire range from 19,- 
000 to 101,000 gammas, the 
feading is absolute and re- 
quires no reference back to 
any standard. The instrument is drift free within its 
sensitivity specifications. 


The Varian M-49 reveais variations in earth’s magnetic 
field associated with faults and other subsurface struc- 
tures, magnetic ore bodies, and magnetic phenomena 
coexistent with nonmagnetic ores. Exploration parties 
may now acquire magnetic data with great ease. It takes 
negligible extra time beyond that required for their other 
observations. Correlating these magnetic data with other 
measurements and observations can reveal interrelations 
that will greatly assist the geophysical interpretation. 


To achieve the unusual features of the M-49 Magnetome- 
ter, Varian uses the revolutionary proton free-precession 
principle which relies on an unchanging nuclear con- 
stant (of the hydrogen atom). Over one year of field use 
of the Varian M-49 has proven practical applicability of 
the instrument. Varian has built sensitive, light-weight 
magnetometers on this principle to go aloft in America’s 
satellite program. Varian Magnetometers are also used 
extensively in aerial magnetic surveys covering tens of 
thousands of miles of the earth’s surface. 





THE REACING 'S 51.500 GAMMAS 


Write today for a full explanation of the Varian 
Magnetometer’s principles, applications and equipment 
features and details. Address the Instrument Division. 






\\ VARIAN associates 


ZB PALO ALTO 33,CALIFORNIA 





$04 & EPR SPECTROMETERS, MAGNETS, GRAPHIC RECORDERS, MAGNETOMETERS, MICROWAVE TUBES. MICROWAVE 
‘SYSTEM COMPONENTS, NIGH VACUUM EQUIPMENT, LINEAR ACCELERATORS, RESEARCH AND DEVELOPMENT SERVICES. 
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Experience the world over 


Wherever you need an aerial survey job... 


whether in the Middle East or the Middle West, 


Aerial photography 
Topographic contour maps 


in Seattle or Ceylon . . . Fairchild’s thirty-three dbdeshe ehtatalen 
years of experience all over the world are Marine Sonoprobe® surveys 
your assurance that when it has to be done fast, Electronic positioning services 
and right the first time, you can #A trademark 
depend on Fairchild. 


IRGHILD 


AERIAL SURVEYS, INC. 


LOS ANGELES, CALIF.: 224 E. Eleventh St. @ NEW YORK CITY, N.Y.: ? Rockefeller Plaza © CHICAGO, ILL: Daily 
News Plaza, 400 W. Madison St. @ BOSTON, MASS.: 255 Atlantic Ave. © BIRMINGHAM, ALA.: 2229!/2 First Ave., 
No. @ DENVER, COLO.: 2620 So. Ivy © WASHINGTON, D.C.: 1625 | St.. N.W. @ ROME, ITALY: Via Bradano 22 
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Exploration crews the world over are using 
more World-Wide Gravity Meters than ever 
before—for good reasons! Weighing only 
eight pounds, this economical, built-to-take-tt, 
portable meter operates anywhere in the 
| world in all kinds of weather with maxi- 
mum accuracy. World-Wide’s easy-to-read 
meter is thoroughly temperature compen- 
sated, requires no thermostats, no barometric 
temperature corrections. Sealed in a vacuum, 
the World-Wide Gravity Meter gives depend- 
able, trouble-free service in the most difficult 
prospect areas. 


Exclusive Features Of 
The World-Wide Gravity Meter: 





@ Easy reading counter, , , operator reads the 
meter without removing from the tripod. 

® Recessed level bubble, , , eliminates 
level bubble creep. 

@ World-wide range on all meters, , , 
regardless of latitude. 

@ Approximately 100 milligal range on 


counter, ,, minimizes resetting instrument 
in rugged terrain. 





World-Wide Gravity Meters are available on purchase or rental/purchase plans. 
Each instrument carries a full-two-year warranty. Write or wire for complete details. 





3802 South Shepherd, Houston, Texas © Cable Address: GRAVIMETER HOUSTON 
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!. The new Polymer Filled 
Vector cable offers improved 


A STARTLING electrical resistivity — water is 
kept out of the cable because 
the Vector P.F. process fills all 


DEVELOPMENT spaces between conductors with 
a curing rubber-like material 
~ROM VECTOR that prevents water entry. 





Il. Vector now offers seismic 
cable from 28 gauge up— 
Polymer Filled. Almost all our 
special construction available 
Polymer Filled. 









Ill. The outside cable sheath 
is permanently interlocked with 
Polymer to the conductors 
themselves for rugged, long- 
lasting cable that’s tops for land 
or water use. Write or call for 
* literature, details and prices 


POLYMER FILLED today! 


(with a cured, solid rubber-like material) 


- VOID-FREE .” 





ector Manufacturing Company 


5616 Lawndale Houston, Texas 
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THE STOMPER 


THE INDUSTRY’S MOST ADVANCED 
WEIGHT wr rinG TECHNIQUE 








Using highly specialized equipment 
and much larger weights, the Stomper 
can go more places—make better rec- 
ords—faster than before. No matter 
what your geophysical survey needs 
may be... weight dropping, regular 
seismic or gravity... 


IX Service Is More Complete Than Ever 


INDEPENDENT 
EXPLORATION CO. 


Geophysicat Surveys 


1964 West Gray, Houston, Texas 
1910 West 14th St., San Angelo, Texas 
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1959 


AVAILABLE PUBLICATIONS OF 


The American Association 
of Petroleum Geologists 





Comprehensive Index of the Publications of the A.A.P.G., 1917-1945. Compiled by Daisy 
Winifred Heath. 603 pp. 6.75 x 9.50 inches. Cloth. To members, $3.00 


Comprehensive Index of Publications of the A.A.P.G., 1946-1955. envied by Daisy 
Sigitred Heath and June McFarland. 302 pp., 6.75 x 9°50 inches. Cloth. To members, 


Both Indexes at once, covering all Association publications, 1917-1955 at special price. 
To members, 


sepa Basin Ordovician Symposium. From August, 1948, Bulletin. 264 pp. 72 illus. 
x 9 inches. Cloth. To members, 


At, Future Oil Provinces of the United States and Canada. 4th printing. From 
August, 1941, Bulletin. 154 pp., 83 figs. 6 x 9 inches. Paper. To members, $1.00 


Problems of Petroleum Geology. 24 printing. Originally p 
pp. 200 illus. 5.75 x 8.5 inches. Cloth. To members, 


Possible Future Petroleum Provinces of North America. From February, 
360 pp., 153 figs. 6 x 9 inches. Cloth. To members, $2.50 


Geological Cross Section of Paleozoic Rocks: Central Mississippi to Northern Michigan. 
Prepared under auspices of Geologic Names and Correlations Committee. 5 cross sections, 
vertical scale 500 feet to the inch. 29 pp. of explanatory text, index. 8 x 10 inches. Press- 
board, sections folded in pocket. To members, 


Miocene Stratigraphy of California (1938). By Robert M. Kleinpell. 450 pp., 14 figs., 22 
pls., 18 tables. Offset reprinted. 5.5 x 8.5 inches. Cloth. To members, $4.50 


Petroleum Geology of Southern Oklahoma. 24 articles. 402 pp., 110 figs., 6 pls., 27 tables. 
6.75 x 9.5 inches. Cloth, To members, 


Structure of Typical American Oil Fields. Vol. I (1929). 4th printing. 5 
5.5 x 8.5 inches. Cloth, To members $4.00 


Structure of Typical American Oil Fields. Vol. II (1929). 4th printing. 75 
5.5 x 8.5 inches. Cloth. To members $5.00 


Structure of Typical American Oil Fields. Vol. III. McCoy Memorial Volume. 24 papers. 
516 pp., 219 illus. Cloth. To members, $3. 


Geology of California (1933). By R. D. Reed. 355 pp., 58 figs., 26 tables. Structural Evolu- 
tion of Southern California (1936). By R. D. Reed and J. S. Hollister. 157 pp., 57 figs., 14 
photographs, 9-color tectonic map. Both offset reprinted. 2d printing. 5.5 x 8.5 inches. 
Clothbound together. To members, $6.00 


Western Canada Sadhnenieey Basin. Rutherford Memorial Volume. Edited by Leslie M. 
Clark (1954). 30 papers. ‘ 2d Fg 2 pmenge yre of Plains of Southern Alberta. 
Dowling Memorial olume (1931). A symposium. 14 papers. 166 pp. 2d printing, by offset. 
6.75 x 9.5 inches. Clothbound together. To aenbene $6.00 


Jurassic and Carboniferous of Western Canada. Allan Memorial Volume. Edited by A. J. 
Goodman. 24 papers. 514 pp. Cloth. To members, $6.00 


Habitat of Oil. Edited by Lewis G. Weeks. 1,364 pp., cloth bound. 56 papers on oil occur- 
rence—-20 on North America; 5 on South America; 7 on Europe; 5 on Middle East; 4 on 
Far East; 9 - ical papers on oil occurrence and migration, hydrocarbons, and basin 
development; and an analysis by the Editor. To members, $9.00 


Lower Tertiary Biostratigraphy of the California Coast Ranges. By V. Standish Mallory. 
Companion volume to Miocene Stratigraphy of California, by Robert M. Kleinpell. 297 
pp. of text; 7 line drawings; 42 plates of Foraminifera; 18 tables; index. 6 x 9 inches. 
oP loth. To "members, 00 


Petroleum Geology of Southern Oklahoma. Vol. II. 17 articles, 350 pp., 141 figs., 3 pls. 
6.75 x 9.5 inches. Cloth. To members, $5.00 


Bulletin of The American Association of Petroleum Geologists. Official monthly publication. 


Each number, approximately 150 pages of articles, maps, discussions, reviews. Annual 
subscription, $18.00 (outside United States, $19.00). Descriptive price ‘list of back num- 
bers on request. 


(Prices, postpaid. Write for discount to colleges and public libraries.) 
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FOR WORLDWIDE GRAVITY AND MAGNETIC SERVICES 


rely on Robert H. Ray Companies. Each contract is backed by 
experience gained from more than twenty years of foreign and 
domestic operations—research and development in instrumentation 
and interpretation. Lower cost per station and fast, accurate service 
from skilled crews are standard benefits you get from the Robert 
H. Ray Companies. Seismic Services, including Geograph, are 
also available anywhere in the world. Let us explain how each 
of these techniques will fit into your Geophysical program. 


For Geograph in Europe and the rench Zone contact GEOGRAFRANCE, 48 Blvd. de Latour-Maubourg, Paris 7e. 


ROBERT H. RAY GEOPHYSICAL COMPANIES 
2500 Bolsover, Houston 5, Texas : 
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Portable 
ary 
Drilling 


Equipment 


Over a third of a century in designing 
the most reliable geophysical 
equipment in the world...this is built 
into every Mayhew rig. This experience, 
plus continuous development and 
research, maintains Mayhew’s 
international reputation for peak 
performance, dependable service and 


quality rigs for every geophysical need. 


DALLAS 





oes TEXAS ESRI 


HOME OFFICE: 4700 Scyene Road, Dallas, Texas 


SALES AND SERVICE: Lubbock, Texas; Casper, Wyoming; Tulsa, 
Oklahoma; Sidney, Montana; Grand Junction, Colorado; Jackson, 
Mississippi; Exploration Equipment Co., Inc., Houston, Texas 


SEISMIC SERVICE SUPPLY, LTD.: Calgary and Edmonton, Alberta, 
Canada 
EXPORT: Gardner-Denver; International Division—New York, N.Y. 


Ce Subvidiary of the Carater- Cuvee Company 

















. find oil fast 
at lower cost ! 14 We 





(oedip Map drawn and edited by the Institut Géographique National 


Parentis - Lacq 
Hassi-Messaoud - Zarzaitine 
Tiguentourine - Hassi R’Mel 


COMPAGNIE GENERALE DE GEOPHYSIQUE 


50, RUE FABERT - PARIS 7° - PHONE : INValides 46-24 





As far as he is 
concerned, The 
Thumper must be the 
name of a character 
in a bedtime story 
for the kids. 


» 


Paul R. Crookshank (left) of Kodak meets D. P. Melton, 
Director of the Geophysical Laboratory at Robert H. Ray 
Geophysical Companies, Houston. Mr. Melton’s seismo- 
graphic crews around the world, including those who em- 
ploy The Thumper to generate seismic energy by dropping 
a 6000-lb. weight nine feet, have to process Kodak Lina- 
graph 480 Paper under extremely adverse conditions to 
obtain unfiltered records from magnetic tapes for immediate 
visual checking. Mr. Crookshank, who devised Kodak Lina- 
graph 480 Paper, is reporting to Mr. Melton the recent addi- 
tion to this paper of a brightening agent which makes the 
background much whiter and the lines of the record cor- 
respondingly more emphatic. Mr. Crookshank’s major ac- 
complishment in Linagraph 480, however, is still its toler- 
ance to mishandling in processing. 


He has never made 
a study of how to 
ripen a photographic 
emulsion. 


Difficult as it may be to believe, in the subsequent conversation it developed that Paul’s 
dad had been school superintendent around Carrollton, Mo., the very same town where 
Don Melton was born and brought up. Now they have more in common than just an inter- 


est in Kodak Linagraph 480 Paper. 


Photorecording Methods Division 


EASTMAN KODAK COMPANY, Rochester 4, N.Y. 
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GEOPHYSICAL SURVEYS 
IN 
MINING, HYDROLOGICAL AND 
ENGINEERING PROJECTS 


270 pages, Cloth 


N. fis. 16.50 ($4.50) 


N. fis. 12.—($3.25) to E.A.E.G. and S.E.G. Members 


CONTENTS 


Twenty-one (17 new) separate papers, of which thirteen are 
concerned with mining problems from many countries and 
cover a wide variety of geological conditions. Three further 
papers discuss the application of electrical techniques to the 
very important problem of water investigations, the remainder 


being devoted to civil engineering problems, mainly dam sites. 


PUBLISHED BY 
THE EUROPEAN ASSOCIATION OF EXPLORATION GEOPHYSICISTS 


30, CAREL VAN BYLANDTLAAN, THE HAGUE, HOLLAND 


SUPPORTED BY 


THE SOCIETY OF EXPLORATION GEOPHYSICISTS 


Orders to be sent to the Secretary-Treasurer of the E.A.E.G. 
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Type Gf6 
after Schmidt 


Field proven for decades 

In actual use throughout the 
world 

Reading accuracy: up to 
l gamma 

Direct measuring range: 1200 
gamma 

Magnet Systems for vertical and 
horizontal components 

Also suitable for recording of the 
magnetic variations 


Type Gfz 


for measuring the vertical 
component 

Easy to operate and time saving 

only 40 sec. per measuring station 

Reading accuracy: better than 2 
gamma 

Direct measuring range: 65000 gamma 


Ask for detailed information for these 
and other geophysical instruments of 
our extensive manufacturing program 


ASKANIA-WERKE 


U. S. Branch Office & Service Dept. 4913 Cordell Ave., Bethesda, Md. 
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HOW TO 
FIND OIL 


ee. 
Schlumberger 


THE INDUCTION-ELECTRICAL LOG — For 
Oil Saturation 

THE SONIC LOG—For Reservoir Porosity 

SIDEWALL CORES—For Visual Evidence 

THE MICROLOG—For Net Pay Thickness 

THE FORMATION TESTER—For Final Proof 


These are the services most often used for 
positive identification of oil in the reser- 
voir. These are the services developed by 
Schlumberger to make oil finding a logi- 
cal, orderly, efficient procedure. 

When your investment in a well has 
mounted from geophysical exploration 
through drilling to contract depth, sound 
business calls for the most complete evalu- 
ation of all production possibilities. Insure 
against leaving any oil zone untapped by 
following this Schlumberger program for 
oil discovery. Only Schlumberger can give 
you the combined benefits of the indus- 
try’s most accurate and dependable tools, 
and the most experienced field organiza- 
tion in both operation and interpretation. 

Ask your Schlumberger engineer to 
help in planning the logging program on 
your next well. 








. 
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Hot ship plays it cool on desert exp/ora- 
tions. The 305 hp Hiller 12 E is as untroubled 
by wind-blown sand as a well-built truck; as 
powerful as the biggest bulidozer. When you 
put a 72 E to work in the desert, it often car- 
ries the same seismic crew and gear on one 
flight that other copters could transport only 
in two or more. 

The Hiller has proved in commercial service 
that it operates effectively and economically 
under full load at high altitude and at any 
latitude. It can even carry the fuel for six 


hours’ cruise with profitable payload re- 
maining. It’s this margin of power that could 
be vital to your operation. 

All this and more reasons, too. Your Hiller 
12 E operator will demonstrate them to you— 
show you why more and more charter con- 
tracts specify Hiller 12 E. Write for booklet, 
“New Workhorse for Petroleum.” It gives full 
information on the 12 E and on Hiller charter 
operators’ trip or contract services every- 
where. Address Commercial Division 


HILLER 
AIRCRAFT 
CORPORATION 


PALO ALTO, CALIFORNIA 
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IF YOUR EXPLORATION 
BUDGET IS LIMITED, 
READ THIS 


The use of the gravity meter as 
a means to get the most from a seis- 
mic program has been recognized 
for many years. Nevertheless, when 
exploration budgets are large, there 
is a tendency to put on more and 
more seismic crews, rather than go 
through the reconnaissance phase 
of selecting the most favorable 
places for them'to work. But when 
the dollars are limited, too few seis- 
mic crews not favorably placed 
may be adding to the exploration 


manager's problems. 


If you do not have as many seis- 
mic crews as you would like to have, 


a small percentage of the budget 


invested in gravity work, to guide 
the activities of your few precious 
crews, could make the difference 


between success and failure. 


Gravity meter surveys are inex- 
pensive compared with seismic. 
Their cost runs in the vicinity of 3 
cents an acre. The use of this tool 
to guide further exploration that 
may cost 30 or more times as much 
is indicated by the economics 


alone. 


Through the years we have em- 
phasized this use of gravity work 
and we will be pleased to discuss 
its application to your exploration 


program. 


THOMAS J. BEVAN 


910 South Boston 


Tulsa 19, Oklahoma 
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WORLD-WIDE’ EXPERIENCE ON ALL CONTINENTS 


SEISMIC — GRAVITY AND MAGNETIC SURVEYS — LORAC — CONTINUOUS VELOCITY LOGGING 


—a pean Seismograph Service Corporation 
YOUR USE NOW P.O. Box 1590 © TULSA,OKLAHOMA © Riverside 3-138) 
CALL OR WRITE . of Canada SSC ot Colonbin = SSC awe 


pa SUBSIDIARIES 
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“Singing” marine seismic records, on which valid sub- 
surface reflections are masked, were once an unsolved 
case in offshore exploration. 

Today “singing,” or water reverberations can be elimi- 
nated by data processing through MAE, GSI’s Multiple 
Analyzer Eliminator. MAE processed records provide 
information which was impossible to obiain in the past. 


*MAE is a GSI trademark 


GSI can process your records through MAE in several 
locations. If you are planning a marine seismic program 
in an area where water reverberations are a problem... 
or if you have a backlog of magnetically-recorded data 
which is masked by the singing effect, you will want to 
meet MAE. 


For a descriptive article on how MAE solved the case of the masked reflection, write GSI. 


Geopnysicat Service Inc. 


SOO EXCHANGE BANK BLDG. + DALLAS 35, TEXAS 
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